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In a charcoal blast furnace about 80% of the 
furnace volume is occupied by charcoal and the rest by 
the ferrous material. The gasification and properties of 
the charcoal dictate almost exclusively the efficiency 
of this particular ironmaking process and any changes in 
the charcoal strength, density and reactivity could 
profoundly change the present level of productivity in a 
charcoal blast furnace.
The kinetics of charcoal gasification in a carbon 
dioxide environment were studied in order to obtain 
quantitative information about the gasification rates 
under different conditions relevant to the charcoal 
blast furnace industry.
Charcoal was reacted in a tube furnace and the 
effects of gas concentration and other variables were 
analysed by the theories of models of particle 
gasification. A scanning electron microscope was used to 
obtain detailed information on the pore structure of the 
charcoal and other associated tests were carried out.
The results of this investigation indicate that 
the gasification of charcoal proceeds by the
gasification of the external surface of the particle 
supplemented by the reaction of the internal surface as 
conversion proceeds.
For all practical purposes gasification of 
charcoal, of the size used in this investigation, is 
satisfactorily represented by the Shrinking Core Model 
reaction control model. A correlation for the initial 
^^si^ication rate of charcoal particles and an equation 
for tin*e for complete conversion is given by :
dW
-- = 3.29x10-3 expl93.2/RT(C02 ) 0 • 7 M4P)'° * 8 1
dt r
Z = 1.81(T/900)5•3(CO2) 0•71(dp)1•1
NOMENCLATURE
a,b,., stoichiometric coefficients,
a geometric factor, eqn.[4.6],
ratio of available surface area per unit weight, 
eqn.[2.40].
aA accessable internai surface area per unit volume
A surface area.
A,B,., reactant.
A* additional surface area in gasification process,
eqn.[4.8]
C a concentration of reactant A.
CP heat capacity, cal/mol.°C.
d diameter.
d length of sample side, eqn.[4.8]
dp diameter of particle, cm.
molecular diffusivity, eqn. [2.27].
2>i intrinsic transport coefficient.
D ab molecular diffusifity, eqn.[2.27].
D ak Knudsen diffusion coefficient.
aH 0 r heat of reaction, kJ/mol.
h height
k reaction rate constant, eqn.[2.8]
keff effective thermal conductivity, eqn.[2.17] 
kg mass transfer coefficient between gas and solid,
eqn.[2.3].
k s rate constant based on unit surface area, cm/sec
L length of reactor
M t Thiele modulus
Mw Weisz modulus




r a reaction rate per unit accessable surface
area, eqn.[2.41]
r a rate of reaction
r e average pore radius
r g grain radius, eqn.[2.38]







Vr pore volume fraction
W weight
X fraction of reactant converted to product
y log mean concentration of non diffusing gas
SUBSCRIPTS
A , B . . reactant
C core
e equilibrium
e f f effectiveness
e x exterior
g gas
i n t r intrinsic




n » m .  . reaction orde
GREEK SYMBOLS
initial rate
e effectiveness factor =
intrinsic rate
So initial porosity, eqn. [2.41]
$ total porosity, eqn.[2 .27]
effectivenes factor =
initial rate






Charcoal is one of the oldest carbonaceus fuels 
that has been used in a variety of applications ranging 
from household heating to industrial iron production in 
shaft furnaces. Charcoal has also been an important 
ingredient in gun powder manufacture since the eleventh 
century until it was replaced only recently by synthetic 
material1. The use of charcoal in gun powder is 
associated with its physical and chemical properties of 
porosity and reactivity, i.e. ease of gasification - 
both of which are high. Moreover, the evenly 
distributed porosity of the charcoal promotes burning 
of gun powder1.
Charcoal reactivity was also stated2 to be of 
importance in Southeast Asian countries where freely 
smouldering charcoals are of great importance for the 
widely used methods of cooking in pans over charcoal 
brazieres.
Gasification of charcoal particles in CO 2 
environments is an important chemical reaction in blast 
furnace ironmaking when the carbonaceous material 
employed is charcoal. This method of ironmaking is
2
practiced in many South American and Southeast Asian 
countries where it has significant economical and 
national importance. In Brazil, for example, charcoal 
iron production of some eight million tonnes per year 
accounts for about 30% of that country’s annual iron 
output.
In Indonesia, charcoal blast furnace ironmaking 
began in 1985 with the construction of a blast furnace 
in Lampung, Sumatera3. The siting of the blast furnace 
there was to utilise the local iron ore and to aid in 
the important national priority of transmigration of 
workers from Java to tend tree plantations and charcoal 
manufacture in Lampung.
In Australia, iron has been produced in charcoal 
blast furnaces in Wundowie, W.A. for some years and the 
production has ceased only recently when it became 
uneconomic. However, there are prospects that the 
existing plant may be used for the production of 
silicon for a number of purposes including the 
production of high grade product for electronic 
applications.
Curiously, very few studies of the gasification 
of charcoal have been reported in the literature despite 
its long standing and wide useage in blast furnaces,
3
foundry cupolas and other applications noted earlier. In 
fact, by comparison with the copious literature on the 
gasification of coke and the more recent extensive 
studies of coal char gasification, that dealing with 
charcoal gasification is almost non-existent.
Yet in a charcoal blast furnace where about 80% 
of the furnace volume is occupied by charcoal and the 
rest by the ferrous material, gasification and the 
properties of the charcoal dictate almost exclusively 
the efficiency of this ironmaking process. In fact, it 
was recently concluded that4 "it is the charcoal that 
has restricted the capacity of blast furnaces using this 
fuel and that changes in the strength, density and 
reactivity could profoundly change their present level 
of productivity".
The purpose of this work, therefore, was to study 
the kinetics of charcoal gasification in CO 2 
environments so as to obtain quantitative information of 
the gasification rates under different conditions of 




Gasification of carbon by CO 2 , commonly referred 
to as the Boudouard reaction viz.
C + CO 2 ;==* 2C0 + aH 0 = 223.5 KJ/mol C [2.1]
is of great significance in blast furnace ironmaking as 
it regenerates the CO from the CO 2 products of the iron 
ore reduction.
The fuel rate (ie. kg carbon/thm) and the overall 
efficiency of the blast furnace process depends to a 
large extent on the reactivity of the carbon used. This 
in turn depends on the nature of the carbonaceous 
material and the kinetics of its gasification. The 
nature of the carbonaceous material includes both the 
state of the carbon itself (eg. amorphous or
crystalline) and the internal structure of the particle 
(eg porous or dense).







Fig.2.1 Schematic diagram of 
carbon particle with
(After
the reaction of a porous 
CO 2 gas.
Szekely and Aderibigbe6)
A g + bB s > Products [2.2]
For a porous solid reacting with a gas, a number 
of steps are involved. In general, these include :
1. The transfer of reactant and product gas to and from 
the particle exterior.
2. Diffusion of reactant and product gas through the ash 
layer if it exists.
3. The chemical reaction itself i.e. eqn.[2.2]
The above mass transfer and reaction steps may 
also be influenced by any thermal effects of the 
reaction. In the case of CO 2 gasification, as eqn.[2.1] 
shows, the thermal effect is highly endothermic and 
depending on the thermal properties of the solid, 
temperature gradients may exist within the particle.
Figure 2.1 shows schematically the general 
situation of gasification of carbon with CO 2 . A brief 
review of the elemental steps, which may sometimes alone 
control the rate, follows.
6
2.1.1 Gas phase mass transfer
The rate of mass transfer based on unit exterior 
surface is given by :
1 dN a
----- ---- = k g (C a g - C a .) [2.3]
Sex dt
where : kg is the mass transfer coefficient between 
gas and solid,
C A g is the concentration of reactant A 
gas stream,
in the
C A e is its equilibrium concentration 
surface.
on the
The mass transfer coefficient kg can be
adequately correlated by a Ranz-Marshall type of
expression :
kgdpy /P \ 1 / 3 /dpupV / 2
---- =2+0.6(Sc)1 / 3 (Re)1/2=2+0.6[-- ---  [2.4]
2> \P2>/ \ P /
If the particle size remains constant, eqn.[2.4] 
shows that kg increases with gas velocity, or rather 
with the Reynolds, number. For a shrinking spherical 
particle and constant gas velocity, kg varies with size 



















































There appears to be general acceptance that the 
intrinsic chemical reaction rate may be adequately 
described by the Langmuir-Hinshelwood rate expression of 
the form :
1 dN a k 1P c o 2
---------= -rA" = -------------------- [2.5]
Sex dt 1 + k2PcO + k 3 P C 0 2
or in a general form as :
(—rA )intr =kintr (Ca )m [2.6]
Unfortunately the intrinsic rate coefficient is 
difficult to measure. Smith5 has published data to 
calculate k-intrinsic for a wide range of porous carbons 
(Fig.2.2).
The wide variation evident in Fig.2.2 reflects 
the effect of the atomic structure of carbon and 
presence of impurities as well as the uncertainties in 
the value of reaction order (m).
Fig . 2 3 Relationship between sum of the 
residuals and apparent reaction
square of the 
order.
Af ter Smith 5)
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In view of the above, it has been customary to 
correlate results by a global rate expression ie. :
- r a " = k {C a )n [2.7]
In eqn.[2.7], as in those preceding it, the 
effect of temperature is given by the Arrhenius 
equation.
k = ko e-«/RT [2.8]
The value of the pre-exponential factor in 
eqn.[2.8] seems to depend on the nature of the carbon 
whilst the reaction order has been found to be in the 
range 0.2 to 1.0 with 0.5 being the most likely as shown 
Fig.2.3.
2*1.3 Pore diffusion
At the start, no ash exists and all the diffusion 
is restricted to the original porous solid. For this 
situation, the rate of diffusion may be expressed by 
Fick’s law :
1 dN a dC a
dt drSex
2>e f f [2.9]
9
As the ash forms, it may either fall off or 
remain adhering to the particle. In the former case only 
^eff need be considered. However, even in this case 
ff may change with conversion as the pores enlarge, 
coalesce or change shape generally.
If the ash formed remains adhering to the 
particle, then gas molecules have to diffuse first 
through the ash before they can reach the external 
surface of the solid particle. The rate of diffusion 
through the ash layer is also given by eqn.[2.9], except 
of course that the value of 3ef f may be expected to be 
different. Clearly, the rate limiting step may or may 
not be the diffusion through the ash layer - the 
deciding factors are the relative magnitudes of 2)e f f 
for ash and the solid and that of the chemical rate 
constant.
When pore diffusion resistance is important, 
reactant concentration decreases with distance into the 
pore and the overall reaction rate slows down. The most 
convenient way to account for pore resistance effect is 
to introduce effectiveness factor (£) into the rate
expression of eqn.[2.7].
For a first order reaction, the rate then
becomes :
Fig.2.4 Relationship between the effectiveness factor 
and Thiele modulus.
(After Levenspiel8)
-r a k£ C a [2 . 10]
The effectiveness factor is a measure of how much 
the rate is lowered because of the resistance to pore 
diffusion and has a maximun value of 1.0 which indicates 
no pore resistance. The actual value of £ depends on the 
magnitude of Thiele modulus defined as :
Mr = L j k/3etf [2.11]
Figure 2.4 shows the dependence of £ on M t from 
which it is obvious that for M t less than 0.5, £ is 
approximately equal to 1.0 and pore diffusion offers 
negligible resistance to reaction. Thereafter, however, 
pore diffusion intrudes more and more and at M t 
greater than five, the condition enter strong pore 
resistance regime.
Another way to obtain the value of £ is to use 
the measured rates and Weisz modulus which contains only 
the observable parameters i.e. eqn.[2.12].
(-rA")ot)s L 2
Mw = ------------  [2.12]
3e f f C a g
It should be noted that the diffusivity in eqn.[2.12] is
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the effective diffusivity which, as noted earlier, is 
not very easy to measure especially as it may change 
with conversion.
Other more practical definitions of effectiveness 
factors are also possible6 and are ratios of the various 
measured reaction rates i.e. :
initial rate
E r -----------------------------  [ 2 . 1 3 ]
intrinsic rate
initial rate
ij = -------------- -----------------  [2.14]
rate at a particular conversion
The effectiveness factor given by eqn.[2.13] is 
in fact the conventionally defined effectiveness factor 
as introduced earlier whereas the effectiveness factor T] 
in eqn.[2.14] is somewhat different. In a physical sense 
i] represents the ratio of initial rate of reaction of 
the porous particle to that at a fractional conversion 
X b and in this way it clearly represents the net effect 
of structural changes on the reaction.
The effectiveness factor ij, which may be larger 
than unity, may be estimated with the aid of the 
following relationship6 :
12
*n = (1 -  Xb ) “ /2 ( 9 e f  f /C) 1/2 [2.15]
From the actual values obtained with coke 
gasification, ij=2 in eqn.[2.15], has been shown to fit 
the data very well6.
It may be of interest to know that by combining 
eqns.[2.14] and [2.15] it is possible to obtain an 
estimate of the square root of the ratio of 2>e f f /£. 
So,if for example, one or the other has been measured 
then the other may be calculated. Finally, it should be 
pointed out that a resistance to pore diffusion does not 
act in series with surface reaction resistance and hence 
cannot be treated independently of it. Equation [2.10] 
seems at the first sight to indicate that pore diffusion 
can be accounted for by a separate correction term, viz. 
the effectiveness factor. This is true; however, this 
factor involves not only a diffusion term but also a 
surface reaction term in the form of the rate constant 
as is obvious from eqn.[2.11]. Thus pore diffusion can 
never become controlling in the sense that it alone will
determine the overall rate of reaction.
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2.1.4 Heat effects
When reaction is so fast or the thermal 
conductivity of the particle is so low, that the heat 
released or absorbed in the particle cannot be removed 
rapidly enough to keep the particle close to the 
temperature of the fluid, then non-isothermal effects 
intrude. In such a situation two different kinds of 
temperature effects may be encountered, viz. within 
particle AT and film aT when the whole particle may be 
hotter or colder than the surrounding fluid.
For exothermic reactions, heat is released and 
the particles are hotter than the surrounding fluid, 
hence the non-isothermal rate is always higher than the 
isothermal rate as measured by the bulk stream 
conditions. Similarly, for endothermic reactions the 
non-isothermal rate is lower than the isothermal rate 
because the particle is cooler than the surrounding 
fluid.
Because the incorporation of heat effects into 
the rate expression necessitates simultaneous solution 
of heat and mass transfer equilibrium, the complete 
equation can be very complex and difficult to solve 
without simplifying assumptions. Therefore, it is 
prudent to first determine whether the effects need to
14
be included or whether they can be reasonably omitted.
Levenspiel7»8 gives the following simple 
equations that can tell this.
For aT f i im :
AT f i l m  = ( T g - T s )  = L ( - r A H,) o b s ( - A H r ) / h  [ 2 . 1 6 ]
F o r  AT p a r t i c l e  l
AT p a r t . = ( T c - T s )  = 2Je f f  ( C a s  - C  a c  ) ( -  AH r ) /k e f f [ 2 . 1 7 ]
It may also be of interest to note, since the 
temperature and concentration within the particle are 
represented by the same form of differential equation, 
the Laplace equation, the temperature and concentration 
distribution within particle must have the same shape. 
Additionally it is also useful to remark that for 
endothermic reactions the situation is somewhat simpler 
than for exothermic reaction. A rise in rate first 
introduces isothermal diffusion. High rates will then 
cause a cooling of the particle which slows the rate. 
Thus some stable maximum rate of reaction will be 
reached. This observation is of course of particular 
relevance to gasification of charcoal.
15
2.2 MODELS OF PARTICLE GASIFICATION
There are two broad classes of models which have 
been used in the study of heterogeneous reaction of 
particles. These are the grain models and the pore 
development models.
Each of the above class models can be used in 
situations when the particle does not change in size and 
when the particle shrinks in size with conversion. Of 
the two model classes the grain models are simpler and 
do not require the extensive experimental data which is 
necessary to determine the grain development model 
parameters independently before they can be applied to 
predict the outcome of the reaction.
2.2.1 Grain models
The earliest model in this class is the shrinking 
core model (SCM). This model has been found to well 
represent many particle reduction and oxidation 
reactions. Either individual or mixed control mechanisms 
can be used with this model depending on the actual case 
involved. The expressions for the various controlling
resistances7 are summarized in what follows.
16
2.2.1.1 Diffusion through gas film controls
For a spherical particle of constant size the
rate of reaction in terms of the shrinking radius of
unreacted core is :
1 dN b P b r c 2 dr c
----- = bkgCAg [2.18]
Sex dt R 2 dt
Integration of eqn. [2.18] to find how the unreacted
cores shrink with time gives :
P b R /r c \ 3
t --------- 1  - - [2.19]3bkgCa g L \R I _
The time for complete reaction of a particle ('C) is 
obtained from eqn.[2.19] by taking rc=0, viz. :
T. -
p B R
3bk gC a g
[2 . 2 0 ]
Combining eqns.[2.19] and [2.20] and noting the term in 
the square brackets in eqn.[2.19] is simply the particle 
conversion (Xb )> the final relationship between time 





X b [2 . 21]
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2.2.1.2 Diffusion through ash layer controls.
Following similar procedures to that in section 
2.2.1.1, the equivalent expressions for time, time for 
complete conversion (Z) and that relating these with 
conversions are :
t
P b R 2








[ 2 . 2 2 ]
P b R 2
Z = ----------




1 -  3 ( 1 -Xb ) 2/3 + 2 ( 1 - X b ) [2.24]
The term 2>e f f in eqn.[2.22] and [2.23] is the 
effective diffusivity, the value of which, as noted 
earlier in connection with eqn.[2.9] to [2.17], is often 
uncertain. In principle, 2>ef f is a combination of the 
intrinsic transport coefficient and structural effects 
i . e . :
2> eff = 2>i f(structure) [2.25]
One of the simplest correlations for the effects 
of structure is that involving particle porosity and 
tortuosity, which for most practical purposes can be
18
approximated as9 :
3eff at 0.1 3i [2.26]
Equation [2.26] assumes not only that the 
porosity and tortuosity of the particle remains constant 
with reaction but that the value of 3>i is constant 
also. The latter assumption is reasonable only if the 
pore size remains constant. However, a typical porous 
particle consists of widely different pore size 
distribution such that the smallest pores may be of 
diameter much less than the mean free path of the 
diffusing molecules and the largest pores much greater 
than this. Thus, possible modes of diffusion range from 
Knudsen diffusion in the smallest pores to bulk 
diffusion in the largest, with some transition mechanism 
being important in the mid range. An expression for the 
diffusive flux of the reacting species which allows for 
both the molecular and Knudsen diffusion as well as for 
bulk flow due to diffusion has been given as6 :
S D ab 1 dXa
NA = -----------------------------  [2.27]
8 RgT D ab dz
1 + X a + ------
D ak r e
Equation [2.27] although fine in principle, still
neccesitates having knowledge of the values of the
19
diffusion coefficients involved and the manner in which 
these change with particle conversion. It should be 
noted that the foregoing considerations apply equally to 
the ash layer and to the particle itself and especially 
so if any ash layer formed falls off the particle.
2.2.1.3 Chemical reaction controls.
Since the progress of the reaction is unaffected 
by the presence of any ash layer, the quantity of 
material reacting is proportional to the available 
surface of unreacted core. Analogous expressions for 
time, the time for complete conversion and relationship 
to conversion are given as :
P b
t  = ------------( R  - rc) [2.28]









Fig. 2.5 Relationship between conversion and t/'C for the 
various controlling mechanism of SCM.
(After Levenspiel7)
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It should be noted that if the chemical reaction 
is reversible, then the equilibrium gas concentration 
should be included and the concentration term becomes 
(C a g - C a e ) .
The progress of reaction of a single spherical 
particle with surrounding fluid measured in terms of 
time for complete conversion for different control 
mechanisms is shown in Fig.2.5. Figure 2.5 includes both 
particles of constant size and shrinking particles for 
which the behaviour is identical to that of particles of 
unchanging size only when chemical reaction controls. 
The expressions so far developed have been for spherical 
particles but expressions similar to those summarized 
here can be obtained for various shape particles too. 
The resultant equations are given elsewhere7.
If none of the resistances considered here 
control the reaction alone, then they can be combined to 
give an expression for mixed control. Two approaches are 
possible. One is to combine the individual resistances 
directly at any particular stage of conversion or to 
combine the individual times to yield the total time 
required for conversion.
21
The expression for the first approach is :
1 dN a C a
----- ---- = k sC a = -------------------
Sex dt 1 R 3
kg 2 3 e f f ks
[2.31]
Whereas for the second approach it is :
t t o t a 1 = tfilm + ta s h + treact i on
alone alone alone
[2.32]
To test whether individual resistances control 
the progress of the reaction, the results are tested by 
eqn.[2.21], [2.24] and [2.30] usually graphically. If a 
straight line is obtained for one of these over the 
complete range of conversions, then the respective 
resistance controls individually. If the fit is 
satisfactory for part of the range only, then mixed 
control is indicated.
2.2.2 Other grain models.
2.2.2.1 Uniform conversion model (UCM)
This model envisages that no unreacted core is 
present and conversion takes place uniformly everywhere 
in the particle. For gas film and ash diffusion control 
the resultant expressions are identical with those for 
the SCM, i.e. eqnS.[2.21] and [2.24], However for
22
chemical reaction control the expression is different 
and may be obtained by considering how gas concentration 
(Ca ) changes with time.
For a first order reaction : 
dC a
-----— k SC a {]2»333
dt
Or in terms of X a :
dX A
-- = k s(1 - X a ) [2.34]
dt
Rearranging the terms of eqn.[2.34] and integrating :
X a t
0 0
So, the resultant of expression is :
- In(1 - X a ) = kst [2.36]
1
In terms of X b , noting that X a = -- , eqn.[2.36]
bX b
is then simply :
1
- In(1 - -- X b ) = kst [2.37]
b
23
2.2.2.2 Grainy pellet model (GPM)
This model assumes that each particle consists of 
spherical grains of solid, all of the same size, and 
that there is no change with reaction, i.e. S=constant. 
GPM is a two parameter model - these being 'Cgrain and 
^diffusion . If there is no gas film resistance, 'Cgrain 
is given by either eqns.[2.23] or [2.29] depending on 
the controlling resistance and ^diffusion by the time 
for complete conversion if the only resistance is that 
of the diffusion of gaseous reactants between the grains 
i.e. ^grain = 0.
In general terms GPM shows that the overall 








In eqn. [2.38] the term 1 — I —  J is the local
\rg/
conversion, i.e. the conversion of the individual 
grains. It should be noted that X b is not a function of 
R, but is a function of t, whereas XBgrain depends on 
both r and t. Moreover, in addition to their position 
and time dependence, the effective diffusion
24
coefficients will, in general depend on the grain size 
(rg) and on the porosity {£). The solution of all these 
variables with time and extent of conversion 
necessitates iterative procedures.
At the two extremes possible the following is 
observed :
1. ^diffusion much less than "Cgrain : all the grains 
react away at the same time and in the same way. So, 
XB-t follows the SCM with reaction or ash diffusion 
control, ^observed = 'Cgrain and these results are 
therefore identical with the UCM.
2. ^diffusion much greater than 'tgrain : then
^observed = ^diffusion and ^diffusion Ct R 2.
Therefore these results follow the SCM with ash 
diffusion control ie eqn.[2.24].
2.2.2.3 Crackling core model (CCM)
This model represents particles which start as 
non-porous but become porous on reaction. The original 
solid is assumed to crackle and fracture to form a 
porous structure which is looked upon as a grainy 
material. Each grain reacts further by the SCM and the
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core shrinks as the crackling front advances inward. It 
is further assumed that there is no diffusional 
resistance between the grains. This model is also a two 
parameter model whose parameters are the characteristic 
times, i.e. ^core , time for crackling front to reach 
the centre of the particle and 'Cgrain is the time for 
complete conversion of a single grain.
Although the resultant expressions are algebraic 
considerable manipulation is necessary. The overall 
conversion is given by the following expression:
(1-Xb ) [2.39]
For the various extremes the following is 
observed :
1. ore much less than 'Cgrain : XB-t follows the SCM 
with the reaction or ash diffusion control. 2
2. 'Ccore much larger than Tgrain : XB-t follows the SCM 
with reaction control and ^observed = ^core and 
'Uc o r e a R.
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3. ^g rain goes to infinity : XB-t follows SCM reaction 
control to a final conversion less than 100%.
It is of interest to note that the CCM is a 
special case of the changing voidage model (CVM) and 
where the diffusional resistance in the grainy structure 
is negligible, except very close to the reaction front.
2.2.3 Pore development models
In the preceding section, some of the expressions 
for particle conversion include indirectly some 
structural parameter of the particle. This is clearly 
seen in the definition of 2>eff given by eqn.[2.25]. It 
can be concluded from fundamental considerations that 
the internal structure of the particle plays an 
important role in determining gasification rates. In 
particular, pore structure and pore size distribution 
determine the extent of the available surface area for 
the reaction and the ease with which the gaseous 
reactants and products move to and fro at the surface.
The existence in the literature of a variety of 
rate-conversion curves and the fact that reaction rates 
often change drastically with conversion during the 
gasification of caibons, cokes and chars, has been
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ascribed to the differences in the pore structure of the 
samples and the change of such pore structures with 
conversion and temperature.
In earlier studies of char gasification, global 
rate constants were used to characterise the 
gasification process. For example, Dutta et al10 gave 
the following expression for the rates of gasification 
of char in CO 2 :
dX b
--  = SakCa (1-Xb ) [2.40]
dt
Where : X b - carbon conversion; £ - effectiveness
factor(function of Thiele modulus); a - 
surface area; k - rate constant; C a - reactant 
gas concentration.
The term "a" in eqn.[2.40] was defined as the 
ratio of available pore surface area per unit weight at 
any stage of conversion and initial pore surface area 
per unit weight. The authors stated that this surface 
area term can be fitted into an empirical equation 
containing physical parameters characteristic of a given 
coal or char and noted that the term can have either 
positive or negative sign depending on whether the 
available pore surface increases or decreases with
conversion.
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From an SEM analysis, Dutta et al10 concluded 
that as the reaction proceeds the pores grow in size and 
bigger cavities are formed by the collapse of the solid 
linkage between the adjoining pores. The dimensions of 
the solid particles have been observed to remain 
practically unchanged up to conversion of about 0.8. The 
highly porous matrix of the solid disintegrates into 
smaller fractions as the reaction proceeds.
More recently mathematical modelling of the 
evolution of pore structure with conversion of particles 
having different pore geometries in the starting 
material and using different concepts and formulations, 
a number of authors11“14 have produced the so-called 
pore development models to describe the progress of 
gasification of char particles. Essentially, these 
models take into account pore enlargement and their 
subsequent coalesence and consequently provide an 
explanation of the frequently observed experimental fact 
that surface area per unit volume, and thus the 
volumetric reaction rate, goes through a maximum.
The probabilistic model of Zygourakis et al11 for 
the evolution of internal structure with reaction 
considers that it can be characterised by two 
populations of pores, the large spherical vesicles and
Fig .2.6 Comparison of 
Dutta et a l 10
the statical m o d e l 11 prediction of 
experimental data.
(After Zygourakis et a l 11) <r
è
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the cylindrical micro-pores. Because of its complexity, 
the mathematical derivation of this model and of the 
other pore development models, are omitted.
Figure 2.6 compares the model prediction of these 
authors with the actual data of Dutta et al10 By 
inspection of Fig.2.6 it is clear that the experimental 
data are in reasonably good agreement with model 
prediction. It is noteworthy that in both cases in 
Fig.2.6 there is a maximum in the gasification rate at a 
certain conversion after which the rate decreases. This 
is explained by the fact that initially the surface area 
increases as the pores enlarge due to chemical reaction, 
and the gasification rate increases also. As the 
reaction proceeds, however, more and more pores will 
coalesce with neighbouring ones. Soon the coalescence of 
pores becomes the dominant factor, driving down the 
total internal surface area and consequently decreasing 
the rate of gasification. In other words, the shape of 
the rate curves in Fig.2.6 essentially correspond to the 
developments of the surface area for reaction.
Sotirchos and Amundson12 proposed a transient 
model in the construction of which the properties of the 
pore structure, appearing in the mass and energy 
conservation equations, are assumed to be known 
functions of conversion or equivalently of porosity,
fO
Fig.2.7 Dependence of the heterogeneous reaction rate 
ratio on the conversion for the two pattern of 
pore structure evolution.
(After Sotirchos and Admundson12)
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since there is a linear relation between these two 
variables. These functions, they state, may be either an 
experimental result or may be provided by theoretical 
model of the pore structure evolution, specifically a 
model that considers a bi-modal pore size distribution 
such as for example used in the preceding model11. The 
evolution of the pore structure is thus basically 
determined by the dependence of the specific internal 
surface area on the conversion. Figure 2.7 shows two 
examples in which the reaction rate ratio is a 
monotonically decreasing function of conversion (pattern 
Pi) and in which they go through a maximum (pattern P 2 ).
For the constant particle size, the results show 
that, as expected, different modes of pore structure 
evolution predict different burning times; and they also 
influence strongly the solution structure of the model 
in the transition regime.
For a shrinking particle, which is assumed to 
arise from disintegration of the solid structure at some 
conversion level which is treated as a model parameter, 
the predicted variations of radius and density are shown 
in Fig.2.8 for Pi particle and in Fig.2.9 for the P 2 
particle (refer to Fig.2.7).
o
Fig.2.8 Variation of radius and density of a shrinking 
non-isothermal PI particle with the conversion 
and the initial temperature. A: variation of 
radius, B: variation of cube of radius, C:
variation of density.
(After Sotirchos and Admundson12)
o
Fig.2.9 Variation of radius and density of a shrinking 
non-isothermal P2 particle with the conversion 
and the initial temperature. A: variation of 
radius, B: variation of cube of radius, C: 
variation of density.
(After Sotirchos and Admundson12)
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As is evident from Figs.2.8 and 2.9 when the 
particles start to shrink, their average density remains 
almost constant in a wide range of average conversion 
and experiences only a minor decrease (Pi particle) and 
a minor increase (P2 particle). At the point where the 
particles start to shrink, all curves go through a sharp 
slope change owing to the discontinuity of the shrinking 
rate of the particle. However, Pi particle size remains 
constant up to an average conversion of about 0.5 
(Fig.2.8) whereas for P 2 particle the average conversion 
is only around 0.3 (Fig.2.9). At these values, as can be 
seen from Figs.2.8 and 2.9, density starts to remain 
constant as noted above.
Reyes and Jensen13 used percolation theory to 
develop a model for char gasification in which pore 
development is described by Bethe network. Both kinetic 
and diffusion regimes were used for the case when the 
particle shrinks with conversion. Predictions that were 
considered were :
1. Accessable porosity,
2. Accessable internal surface area per unit volume,
3. Effective transport coefficient.
Particle fragmentation, as in the previous model 
of Sotirchos and Amundson12, was assumed with additional
T i m e  , h r s
Fig.2.10 Computed Xs-t and dXB/dt-XB profiles for char 
particles with various initial porosities.
(After Reyes and Jensen13)
Fig.2.11 Predicted and neasured gasification rate of 
char particles as a function of conversion.
(After Reyes and Jensen13)
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specification that at high temperature perimeter 
fragmentation takes place from the beginning of the 
gasification and the particle follows the classical SCM 
behavior of constant density and decreasing particle 
size .
The results of Reyes and Jensen13 are most 
conveniently summarized by Figs.2.10 to 2.12.
Figure 2.10 shows XB-t and gasification rate -Xb 
behavior as a function of initial porosity. The strong 
influence of initial porosity is obvious. In fact the 
authors noted that this can exhibit different shapes 
depending on the initial porosity and connectivity 
properties of the pore space. It should be noted that 
both Figs.2.10 and 2.12 are predictions for a seven 
coordinated Bethe network (Z=7). This is highly 
connected pore space whose average coordination number 
is 15.54. Hence, it is noteworthy that the prediction 
in Fig.2.11, also for Z=7 is reasonably succesful 
compared with the experimental data shown there.
Figure 2.12 shows the predicted accessable 
surface area as a function of overall particle 
conversion. Once again as in Figs.2.6 and 2.7 there is a 
maximum reached at some conversion, in this case at 
about 0.4 after which there is a decrease. The change of
1.0
T = 800° C z=7
Fig.2.12 Calculated accessable surface area as a 
function of overall particle conversion 
at different temperatures.
(After Reyes and Jensen13)
Particle conversion , Xcp
Fig.2. 13 Dimensionless particle size as a function of 
overall particle conversion of a char particle 
at different temperatures.
(After Reyes and Jensen12)
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particle radius with conversion as shown in Fig.2.13 
also follows, not too differently, predictions of 
another model shown in Fig.2.8. It is interesting to 
note that the prediction of shrinking core model of SCM, 
shown as dashed line in Fig.2.13 is of a rather similar 
shape but the decrease in size takes place immediately 
rather than after some critical conversion has been 
reached. It should be noted that the conditions as shown 
in Fig.2.13 are for gasification in the diffusion 
regime. In the kinetic regime of course, particle 
shrinkage due to chemical reaction on the external 
surface is negligibly small and the gasification 
behavior depends exclusively on the evolution of the 
accessable surface area with carbon conversion. In this 




Pp ( 1—S0 )
a A [2.41]
Equation [2.41} clearly shows that even for a 
constant reaction rate per unit accessable surface area 
(ra) the overall conversion rate depends very greatly on 
the accessable internal surface area per unit volume 
(aA). The role of the initial porosity on the other hand 
is not that influential. However, porosity and 
conversion are related in the kinetic regime only by :
Fig.2.14 Discrete model predictions for Hydrane 150 
char.
(After Sandmann and Zygourakis14)
0.0  0.2  0.4  0.6  0.8  1.0
CONVERSION
Fig.2.15 Discrete model predictions and experimental 
data for the gasification of Illinois no .6 
char.




XB = --------- [2.42]
( 1-So )
It is interesting to note the similarity between 
eqns.[2.40] and [2.41] especially with respect to the 
term "a" the internal surface area. In view that both of 
these consider kinetic regime, this similarity is not 
surprising.
The most recent pore development model was that 
developed by Sandman and Zygourakis14 which was based on 
discrete numerical computations. Computational grids 
with up to 16 million cells were employed to simulate 
random phenomena. These authors claimed that this
approach accurately tracked the loss of surface area due 
to pore overlap and transient profiles of porosities and 
surface area could be obtained as functions of 
conversion. Their discrete model predictions were
compared with predictions of Ballal-Zygourakis model14 
as well as with experimental data. Figure 2.14 shows the 
predictions for Hydrane 150 char which is characterised 
by a normal bi-modal pore size distribution.
In the case of Illinois no.6 char, which
exhibited pores ranging from sub-micropores with
diameters of only a few Angstrom to large cavities with
Fig.2.16 Simulation image-bimodal macropore distribution 
for Illonois no.6 char at X b=0.
(After Sandmann and Zygourakis14)
Fig.2.17 Simulation image-bimodal macropore distribution 
for Illonois at X b=0.31.
(After Sandmann and Zygourakis14)
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diameters up to 200 |lm, satisfactory prediction was 
obtained for carbon dioxide gasification but not for 
oxygen gasification (see Fig.2.15). The difference has 
been explained by the fact that the oxygen molecules 
cannot penetrate the sub-micropores, while carbon 
dioxide molecules can do so at the high temperatures 
required for this reaction. It is interesting to compare 
the results in Fig.2.15 with those in Fig.2.7. The 
former shows that two quite different gasification 
patterns are obtained for the same pore structure when 
the reaction gas is different whilst the latter 
(Fig.2.7) considers the same reacting gas but two 
different pore structure developments.
Simulation images of the distribution of pores 
for Illinois no.6 char at zero conversion and for that 
at 31% are shown in Figs.2.16 and 2.17 respectively. 
Strong coalescence of the large macropores and the 
redistribution of porosity to these pores with 
conversion is evident. It should also be noted that this 
discrete model also predicts particle fragmentation as 
did the previous pore development models considered 
above.
In summary, pore development models developed so 
far appear to consider pore growth and coalescence with 
conversion as the principal phenomenon with particle
36
fragmentation also making significant contribution. As 
most of the experimental work and interest has been 
connected with the gasification of coal chars, it is not 
surprising that the pore structures considered in the 
gasification models have been those observed in coal 
chars.
The pore structure of charcoals, although also 
bi-modal, does not appear to change with conversion in 
the same way as that of coal chars. In fact, it has been 
reported15 that the charcoal structure remains virtually 
intact even at high extent of gasification. This would 
undoubtedly lead to differences in the predictions of 
the preceding models. It would be interesting to 
ascertain what these differences are quantitatively. No 
doubt this question may be answered by future work in 
this area.
2.3 GASIFICATION OF CHARCOAL
Charcoal is different from coal char in two 
important respects, viz. its ash content is very low and 
its pore structure is highly directional, characteristic 
of that of wood and its intrafibrillar capillaries.
Fig.2.18 Transverse(a) and longitudinal(b ) structure of 
the charcoal (X60).
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The ash content of charcoals is typically
0.5-2wt%, whereas that of coal chars is 8-20wt% 
depending on the coal type. The content of alkali and 
alkali-earth elements in charcoal is generally very high 
but that of sulphur, as noted earlier, is an order of 
magnitude lower than in coal chars. The former are known 
to have a catalytic effect on gasification whereas the 
latter has a poisoning effect16.
Pore structure of charcoal is fibrous with 
typical bi-modal size distribution. The size of 
macropores are of the order of 60|!m and that of
micropores -10|lm. Figure 2.18 is an SEM photograph of a 
charcoal and it clearly shows the structural features of 
this material.
The specific surface area of charcoal is very 
high15 (800+m2/g) compared with that of coal chars10 
(100-400m2/g).
The results of studies on the gasifiction of 
charcoal that have been reported in the literature are 
summarised below.
De Groot and Shafizadeh15 gasified beds of 
0.4-0.85mm particles of Douglas Fir and Cottonwood
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charcoals in CO 2 . Gasification rates were correlated by 
the global rate expression :
-ra = kW 0 (Pc 0 2 )0•6 [2.43]
where Wo is the initial particle weight.
The authors also concluded that because the 
overall gasification process was not simple it was very 
difficult to formulate a meaningful kinetic expression 
which will predict the gasification rate throughout the 
reaction.
Groeneveld and van Swaaij17 investigated 
gasification profiles of a sliced charcoal particle 
(40x20x20mm) in CO 2-N2 mixtures and from their results 
concluded that "the conversion cannot be described 
accurately with either the shrinking unreacted core or 
the homogeneous reaction models". However, they showed 
that their local volumetric rate model - given by :
-r a = kCAnCBm [2.44]
described accurately both overall and carbon conversions 
and "it was only at a considerable distance from the 
particle boundary that experimental conversions were 
slightly higher than predicted which as yet cannot be
&
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Fig.2.19 Measured local carbon conversion of a charcoal 
particle. (After Groeneveld and Van Swaaj17)
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explained". Figure 2.19 shows the local carbon 
conversion measured by Groenveld and Swaaij17.
The results of these authors thus appear to 
confirm the finding15 noted earlier that the 
gasification process of charcoal is not simple. It is 
also of interest to note that their overall order of 
reaction with respect to CO2 was 0.7 which is in good 
agreement with 0.6 reported by De Groot and Shafizadeh15 
(see eqn.[2.43]). However, it should be remarked that 
observed apparent reaction order for chars and other 
carbons has varied widely, viz. 0.2-1.0, but the more 
frequently observed value has been around 0.5 (see 
Fig.2.3). The reasons for this are numerous and have 
been reviewed by Smith5.
In the last and also most recent study of the 
kinetics of charcoal particles (7.5-14mm) Salles et 
al18 showed that their experimental results followed 
the shrinking core model reaction control (i.e. 
eqn.[2.30]) most satisfactorily. UCM (eqn.[2.37]) was 
tried and excluded because of poor correlation.
Because these authors did not present results for 
conversions beyond about 0.7, and as is evident from 
Fig.2.20 their plots show clear departure from linearity 
at these conversions, it must be concluded that the SCM
TEMPO DC Atouplo Ih Ih Ih I
Fig.2.20 Results of Salles et 
SCM reaction control
al18 plotted according to 
(After Salles et al18)
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reaction control did not satisfactorily embrace the full 
range of conversions.
Salles et al18 also investigated the effect of 
particle size, something that was not considered in the 
previous two investigations15’17. The result obtained 
was that the gasification rate was inversely 
proportional to d 1,23. It is apparent that the authors 
considered that this value of 1.23 was close to the 
theoretical value of 1.0 for SCM reaction control (see 
eqn.[2.29]).
All three studies referred to above included the 
effect of temperature. The observed activation energies 
were : 207-23815, 21717 and 18518 kJ/mol.
By inspection, these values are sufficiently 
alike to conclude that no unusual catalytic effect was 
operating.
In summary, what evidence there is available in 
the literature on the gasification of charcoal suggests 
that the existing structural models for char 
gasification are unlikely to represent accurately the 
situation for charcoal. In fact, it has been stated that 














Fig.2.21 Plot of reaction time vs mass conversion 
fraction of char20.
(After Fung and Kim20)
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gasification rates can be expected to be quite different 
in the two principal directions19.
Application of grain models, which by derivation 
can give clues to what may be happening to the gasified 
particles, depends on how well the experimental data 
fits the model. An example in this category that may be 
cited is that concerning the reactivity of Canadian coal 
chars20. Figure 2.21 gives the data in question which 
show that initial gasification is controlled by chemical 
reaction and later by ash control.
Of course, if everything else fails then the data 
can always be more or less fitted to a functional 
expression of the eqn.[2.44] type and the apparent rate 
constant (k) obtained. This can still be useful since, 
pragmatically, these are needed for engineering purposes 
for each charcoal considered at relevant temperatures 
and CO2 concentrations and, indeed, for a range of 
particle sizes for a given charcoal.
Fig.3.1 Schematic diagram of apparatus.
N 2 :nitrogen cylinder, CO 2 ¡carbon dioxide cylinder, 
PT:purification train, RM:rotameter, CTF:copper 
turning furnace, SCB:small control box, TF: tube 
furnace, LCB:large control box, KB:electronic 
balance, CU:computer unit, EX:exhauster system.





A schematic diagram of the apparatus used in the 
experiment is shown as a line diagram in Fig.3.1 and in 
a photograph in Fig.3.2.
As can be seen in Fig.3.1, the reactant gases 
flowed from the industrial size cylinders through a gas 
purification train. This train consisted of magnesium 
permanganate powder in glass containers in series. From 
here the gas flowed through a rotameter to control the 
gas flowrate and through a copper turning furnace whose 
function was to absorb any possible oxygen in the 
reactant gases. After leaving the copper turning 
furnace, the gas then flowed to a tube furnace 
containing a charcoal sample. This sample was 
suspended from the base of an electronic balance to 
which was attached a computer for recording data. 




The tube furnace consisted of a vertical 
porcelain tube, two heating element units, two Pt-Rh 
thermocouples, sample basket and refractory chips.
The porcelain tube was 100cm in height and had a 
7cm diameter. It was set vertically in the middle of the 
furnace. Gas passed through the tube, from bottom to top 
and went out through the junction pipe to the exhaust 
fan. The exhaust pipe was set at a certain height to 
ensure sufficient suction of reactant gas exiting from 
the furnace.
The two heating element units were set in the top 
and bottom of the furnace. Each unit consisted of four 
bars of heating elements in series. Type of heating 
element was Crusilite element.
Pt-Rh thermocouples were used to measure the 
temperature in the furnace. Two thermocouples were set 
in the top and bottom part of the furnace, in the middle 
of the porcelain tube. Both thermocouples were connected 
to the control box in order to regulate the electric
current for each heating element unit.
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Sample basket was made from 3.5mm Ni-Cr wire. The 
wire was woven into a cylindrical shape with 3cm 
diameter and was hung in the middle of the porcelain 
tube close to the end of the thermocouple. The basket 
was hooked into the electronic balance by using an 
adjustable Ni-Cr wire.
Refractory chips were used as a preheating 
material for the gas which passed through a packed bed 
of these chips. The atmospheric temperature was measured 
by the Pt-Rh thermocouple and was connected to the 
control box in order to regulate the electric current 
for the bottom heating element unit.
3.1.1.2 Control Box
The control box consisted of two West MC 30 MK II 
adjustable temperature controllers up to 1,600°C, 
TRIAC-25 amperes solid state contactor and a transformer 
15 amperes single phase 240 volts input - 110/180 volts 
output.
If the temperature in the furnace was lower than 
the temperature which was set in the controller, the 
automatic switch in the controller closed and diverted 
the signal to activate the TRIAC contactor to enable
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the electric current to be passed from the transformer 
to the heating element in the furnace and then the 
furnace became hot.
If the temperature in the furnace was higher than 
the temperature which was set in the controller, the 
automatic switch in the controller opened and stopped 
the signal to TRIAC contactor, so that the contactor 
became passive, unable to pass electric current to the 
heating element, then the furnace cooled.
The output of the electric potential from the 
transformer was adjustable between 110 volts and 180 
volts depending on the temperature required in the 
furnace. The output was controlled by a manual switch.
3.1 . 1.3 Electronic Balance
The electronic balance was of the type CHYO 
JP-300W, 240 volts, 1 phase with a capacity of 30 grams 
to three decimal places and 300 grams to two decimal 
places. The balance was able to weigh from the top and 
from the bottom. During the experiment, the bottom side 
of the balance was used to continuously measure the 
weight-loss of the sample.
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Signal from the balance was transferred through 
the interface RS 232 to the computer and recorded on a 
data logger and also displayed on a visual display unit 
(VDU).
3.1. 1.4 Computer
A BBC microcomputer model B with a memory 
capacity of 34 k bytes was used to continuously record 
the signal from the electronic balance through the 
interface RS 232 in the balance and interface RS 423 in 
the computer. Signal was recorded on a data logger every 
60 seconds by using a logging program which is attached 
in Appendix A.l. The data then was stored on a floppy 
disk. The results were printed as the rate of the 
weight-loss in sample to three decimal places and also 
presented as a graph of conversion against time by 
creating a recovery program which is attached in 
Appendix B.l. This computer was also used to plot the 
data in various ways to present a gasification model.
3.1.1.5 Reactant gas
CO2 and N 2 in cylinders were used to serve as the 
reactant gas during the experiment. Each cylinder had a
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weight of about 50 kgs including gas. C02 gas was of a 
welding grade with the purity of 99.9%. Nitrogen gas was 
of an industrial-dry grade with the purity of 99.5% Both 
of the gases were passed through the purification train, 
gas flowmeter and copper turning furnace and then flowed 
into the furnace.
3.1 . 1.6 Purification Train
The purification train consisted of glass 
cylinders of Magnesium Permanganate powder in series. 
The function of this purification train was to absorb 
the moisture in the reactant gas.
3.1.1.7 Gas Flowmeter
A Rotameter, type B6 capacity of 10 1/min., was 
used to measure the flowrate of both the CO 2 and N 2 gas.
3.1.1.8 Copper Turning Furnace
A small tube furnace was used as a copper turning 
furnace. The furnace consisted of a horizontal porcelain 
tube of 3cm diameter, filled with copper metal chips.
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The temperature was controlled by West Gardian 
adjustable temperature controller up to 1,200°C which 
was set to control the temperature of the furnace at 
about 500°C. The function of this copper turning furnace 
was to absorb any oxygen which may have been contained 
in the reactant gas.
3.1.2 Experimental Procedure
3.1.2.1 Single Particle
A single particle of charcoal was prepared by 
hand-cutting to produce the size of -25+19mm. This was 
to ensure that the samples which were used for one 
series of experiments came from the same master piece of 
charcoal.
Both the vertical and horizontal tube furnaces 
were heated to the temperature desired. The computer was 
turned on and the program for logging the data was 
commenced. The computer would ask for specific data i.e. 
what the variable was, chrcoal weight, basket weight, 
temperature and also the filename for data to be stored. 
Every data entry was completed by pressing "Return” 
button. For the specific data entry of the filename for 
data, when the "Return" button was pressed, the computer
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started to record data from the balance. So, before this 
button was pressed, the N 2 ,at the desired flowrate, was 
turned on, the charcoal sample was placed into the 
basket, and lowered carefully from the top to the middle 
of the furnace and the flexible wire of the basket 
hooked to the bottom part of the balance, making sure 
that the basket did not touch the wall of the tube 
furnace and thermocouple. The top of the furnace was 
then closed and the '’Return" button on the computer 
pressed to start recording. All of these steps needed be 
done quickly but very carefully. In VDU, the computer 
showed the flow of input data and recorded the data 
every 60 seconds. After 10 minutes recording, the gas 
flow was changed from N 2 to CO 2 or any gas composition 
which was desired. Sometimes the flow of gas was not 
constant, especially for CO2 , so the flowrate through 
the flowmeter was be checked frequently.
When the sample weight became constant, this 
experimental condition was kept for 10 to 15 minutes and 
then stopped the recording by pressing "F" button on the 
computer. The computer showed all the data in VDU and 
stored them on floppy disk. The flow of gas was then 
stopped, the basket taken out from the furnace and the 
electric power switched off. Thus, one run was 
completed. This was the general procedure that was 
suitable for most variables.
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For the variable of a specific conversion of 
charcoal i.e. 25, 50 and 75% conversion, in order to 
know when the required conversion was reached, the 
sample weight at that percentage conversion was 
calculated before the process was initiated. When the 
VDU showed that value, the data recording was stopped, 
the flow of gas was immediately changed to Nitrogen and 
the electric power to the heating element was switched 
off. Remaining sample could be taken out if the 
temperature was low enough.
3.1.2.2 Packed Bed
Charcoal samples for packed bed method were of 
the same size and prepared in the same method as for the 
single particle. The basket which was used in this 
method was bigger than the basket used for the single 
particle. Diameter of basket was 5cm and the height was 
7.5cm. Samples were weighed individually and placed into 
the basket in three layers. Each layer consisted of 
three pieces of charcoal and a Ni-Cr screen was inserted 
to avoid the samples mixing with each other. Also the 
placement of the samples was arranged and identified to 
enable easier recognition of the sample after
gasification.





The packed bed method was only used for the 
experiments with specific conversion. These converted 
samples were used for determining compressive strength, 
which was explained in Section 3.3. The rest of the 
experimental procedure for the packed bed analysis was 
the same as for the single particle method.
3.2 SCANNING ELECTRON MICROSCOPE
3.2.1 Apparatus
Hitachi Scanning Electron Microscope type S-450 
was used to observe the micro-structure of a charcoal 
particle before and after the gasification process. This 
equipment consisted of a vacuum unit and a display unit, 
which is shown as a photograph in Fig.3.3. The 
magnification ability was in the range of 20 to 240,000 
times.
3.2.2 Preparation of Sample
The sample, as a fresh charcoal particle or as 
the product after gasification, was placed on an 
aluminium disk (stub) and adhered with conductive carbon
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paint. The position of the sample was either parallel to 
or vertical to the pore structure direction of sample, 
depending on whether the longitudinal or transversal 
section was to be observed.
To observe the internal micro-structure of 
sample, the sample was polished in increments of 1mm 
depth by using abrasive paper of 1200 grade. The 
polishing was done carefully on two sides of the 
particle, that was, in the longitudinal and transversal 
positions. Polishing was done under a small flow of 
water. After polishing, the sample was cleaned by using 
ultra sonic cleaner for five minutes, then washed with 
alcohol and dried. The sample was then stuck onto a stub 
using conductive carbon paint. The internal 
micro-structure of the sample was observed with scanning 
electron microscope for every 1mm depth of polishing.
3.2.3 Experimental Procedure
The water pump was turned on to circulate the 
water cooling system for the electron microscope. Making 
sure that the liquid Nitrogen tank was full, the 
electric power for the vacuum unit and the display unit 
was switched on and left for about 30 minutes to warm up 
until the warm up lamp was extinguished and high vacuum 
lamp was displayed. Then the air button was switched on
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to release the pressure so that the specimen stage could 
be pulled out. When placing the stub on the specimen 
stage, hands were covered with synthetic gloves. The 
specimen stage was then pushed back into the initial 
position. The evac. button was turned on to evacuate air 
from the vacuum unit. A light indicated when the high 
vacuum was reached.
The next step was to operate the display unit.
First, the electric potential (KV and SE) buttons
turned on and the acceleration voltage button
adjusted to 20 KV. The filament current was adjusted to 
produce an emission current approximately 30 }iA. The 
correct value of emission current could be predicted by 
pressing the focus monitor button which produced a 
scan-line on the screen. The suitable emission current 
was at the widest intensity on the scan-line. A good 
image of the sample on screen could be made by adjusting 
the contrast and brightness buttons. The scan-line could 
also be used as a guidance to adjust the contrast and 
brightness. By adjusting the scan-line to the middle of 
the screen and the intensity width to about 1cm, a good 
image could be produced. Then the focus monitor could be 
turned off. A sharp image also depended on the condensor 
lens setting and the working distance. During the 
observation, the condensor lens used was on the scale 
three and the working distance was between three and
I CD CD CD•__ o o o o o
O  » Q  a m
Fig,3.4 Schematic diagram of the compressive strength unit.
CS: compressive strength machine, AM : ampiifier, CR: 
chart recorder.
Fig,3.5 Photograph of the compressive strength unit,
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four. Position of the sample could be adjusted from left 
to right and from top to bottom by adjusting the X and Y 
stage controls. Also the tilt of the sample could be 
adjusted to get the appropriate position. However, it 
was suggested to use zero tilt for accurate 
representation of pore size. Focussing of the image 
could be adjusted by turning the coarse and fine focus 
controls. High magnification was used to get a sharp 
image when focussing. A photograph of the image which 
was shown on screen was taken by pressing the photo 
button. Before pressing the photo button, a check was 
made to make sure that the film was advanced and the 




The apparatus for compressive strength test 
consisted of the strength machine, amplifier and chart 
recorder which is shown as a line diagram in Fig.3.4 and 
as a photograph in Fig.3.5. Load capacity of the machine 
depended on the load cell which was set on that machine. 
During the present test, the capacity of the load cell
was 5001bs.
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3.3.2 Preparation of Sample
The samples as fresh charcoal and as the 
gasification product at different values of conversion 
were cut by hand into 8mm cubes. A completely flat 
surface was produced by using abrasive paper of 600 
grade. The samples were then dried and cleaned.
3.3.3 Procedure
Electric power for the strength machine, 
amplifier and chart recorder was switch on. The chart 
recorder was calibrated for the appropriate scale. The 
sample was placed between two steel bars in a 
longitudinal or transversal position. The compressive 
button was turned on, the sample was compressed by the 
two steel bars and the strength was recorded by the 
chart recorder. Initially, the chart was on the zero 
line then increased sharply to a maximum point where the 
sample then broke and the chart line decreased. The 
strength machine was then stopped and the value of the 
compressive strength was calculated from the chart.
Fig . 3 6 Schematic diagram of sample for the permeability 
test. Transverse(a ) and longitudinal(b ) position. 
CSicharcoal sample, PT:plastic tubing, PGiperspex 
glue .
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3.4 OTHER TESTS 
3.4.1 Density
Density of the sample before and after 
gasification to a certain conversion was observed by 
cutting the sample into a cubic shape and using abrasive 
paper to smooth the surface. The volume of the sample 
was calculated by measuring the width of the cube. The 
weight of the sample was measured by using an electronic 
balance.
3.4.2 Permeability
A special design of permeability test was used to 
compare the permeability of charcoal in the longitudinal 
and transversal positions. A line diagram of the sample 
is shown in Fig.3.6* The sample was cut into a 
cylindrical shape of 25mm length and 8mm diameter and 
both ends were joined to plastic tubing. The sides of 
the cylinder were sealed with perspex glue to avoid air 
leakage. Compressed gas of 8 1/min. was passed through 
one of the plastic tubes, through the sample to the 
other end of plastic tube and then the flowrate of gas 
leaving the tube was measured by using a rotameter, It 
was found that when the gas passed through the charcoal
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sample in the longitudinal position, the flowrate of gas 
leaving the sample was about 3 1/min., which was quite 
different to the transverse position where the flowrate 
of gas leaving the sample was undetected» It should be 
noted that the position of the sample during the 
gasification process was always in the longitudinal 
position.
3.4.3 Proximate Analysis
Proximate analysis of charcoal was observed for 
percentage weight content of moisture, ash and volatile 
matter, according to standard method of testing in ASTM 
D3173-73, D3174-73 and D3175-73. Fixed carbon was 
obtained by subtracting from 100% weight the percentage 
weight of moisture, ash and volatile matter1. The test 
was done by using a porcelain crucible in a muffle 
furnace. The sample was prepared to the size of -60 
mesh. Moisture content was measured by calculating the 
weight difference between initial weight and weight 
after heating at 110°C for about one hour. Volatile 
matter was measured from the percentage of weight-loss 
after heating at 950°C for seven minutes only, in a 
closed crucible. Ash content was calculated from the 
percentage of weight remaining after heating at 750°C 
for about four hours. The experimental results are 
presented in table form in Appendix C.l.
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3.4.4 Centre Temperature Experiment
This experiment was done by using a tube furnace 
as explained in chapter 3.1. This experiment was used to 
observe the temperature difference between the centre 
and the surface of the sample during the gasification 
process. Two Pt-Rh thermocouples were placed in the 
centre and on the surface of the sample to measure the 
temperature difference. Both thermocouples were 
connected to the chart recorder through a voltage 
divider box.
3.4,5 Particle size measurements
The size of charcoal particle before and after 
gasification, especially for the variable of conversion 
was measured by using a micrometer. The length, width 
and height of the particle were measured. For the 
gasified particle, the size was measured after the ash 
had been cleaned out with a camel hair brush,
Fig.̂ .1 Conversion results in nitrogen and carbon dioxide
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As noted in Section 3.1.2 charcoal particles were 
first brought to isothermal condition in nitrogen before 
carbon dioxide was introduced. In all cases in the 
nitrogen atmosphere there was an immediate rapid 
decrease in weight due to the expulsion of moisture and 
of volatile matter. After about ten minutes in nitrogen, 
the weight was stabilized and then the introduction of 
carbon dioxide again brought about rapid loss of weight 
due to gasification before the process slowed down near 
the end of gasification.
Figure 4.1, obtained at different temperatures, 
examplifized the above features which were common to all 
runs. For the purposes of kinetic calculations all rough 
data were recalculated by dry, volatile free basis. 
Figure 4.2 shows the result and plots of the rough data
of Fig.4.1.
Fig.il.3 7he appearance of the samples at 8% (a), 3 5% (b) , 59* (c) 
and 100% (d) conversion.
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Conversion was calculated from the experimental 
data by the relationship :
X B = 1-W/W o [4.1]
In all cases the features depicted in Fig.4.2 
were quite general in that conversion proceeded 
initially as an aproximately constant rate which was 
also the maximum rate, before slowing down at some Xb 
value depending of actual parameters. The X B-t
relationship such as in Fig.4,2, is quite common and 
parallels those for coke, chars and many other 
materials216»18»20»22. It is also expected from theory 
(eqn.[2.44]).
The appearance of the samples at various 
conversions is shown in Fig.4.3. In the course of the 
investigations samples withdrawn for other tests at 
different times and at various stages of conversion 
always exhibited the appearance shown in Fig.4.3. 
Therefore, it is reasonable to conclude that the
features shown in Fig.4.3 were general.
It is quite clear from Fig.4.3 that the fibrous 
structure of the original charcoal particle is also 
preserved in the resultant ash at least up to 35%
Fig.^.A Photograph of charcoal particles for 0%, 8%, 35% and 
5 3% conversions (a); and 0%, 25%, 50% and 75% 
conversions (b), after ash is removed.
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conversion. At X b greater than 25%, as Fig.4.3 shows, 
ash structure loses this identity.
The ash as such adhered to the charcoal but in 
relative terms more tenaciously below about 35% 
conversion than above this value. In each case the ash 
could be readily removed by brushing with a camel hair 
brush. The appearance of the samples at various 
conversions after ash was removed is shown in Fig.4.4.
Figure 4.4 shows that the particle size did not 
change appreciabley until quite high conversion levels 
were reached. This result is therefore in agreement with 
that reported by De Groot and Shafizadeh15 for Douglas 
Fir and Cottonwood charcoals.
The fact that there was no obvious preferencial 
decrease in particle size with conversion, until near 
the end, in either of the two principle directions 
(Fig.4.4) is a new observation that has not been 
reported before. This finding will be referred to again 
later.
Along with the above general features there was a 
specific effect of each of the variable considered.
* U ! UJ
%
F i g . 4.5 Pl ot  of  time f or  50‘¿ conversion at  d i f f e r e n t  temperatures.
Temp. ,  °C
F i g . k . 6 Pl ot  o f  time f or  complete conversion at  d i f f e r e n t  tempe ra t u r e s .
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4.2 EFFECT OF TEMPERATURE
The experiment results obtained at different 
temperatures are given in Appendix D.l-s and summerized in 
Fig.4.2. It can be seen from Fig.4.2 that when 
gasification started, conversion rose rapidly and then 
became constant at 30 minutes. Whereas at 900°C, X b did 
not become constant until 76 minutes. At the 
intermediate temperature, the times for complete 
conversion were between these limits.
The above results therefore follow the general 
effect of temperature on conversion predicted by theory.
To better illustrate the effect of temperature on 
gasification time plots of tso/'C for different 
temperatures are shown in Figs.4.5 and 4.6, 
respectively. As may be seen from these plots in both 
cases there is a change in slope at about 1000°C.
A probable explanation for the change in rate may 
be a change in reaction order at the temperature of 
1000°C. This was reported by Essenheigh et al23 in 
their investigations of carbon where they found that 
there was a change in reaction order at 1000°K, below 
which the desorption resistance predominates and the 
reaction order is close to zero. Above 1000°K the
Fi g .  ¿4.7 E f f e c t  o f  Boudoua rd temperature on the rate o f  c a t a l y z e d  react  i o n .
22( Af t er  J a l a n  and Rao )
o
L A+-j
Temp. ,  °C
F i g . 4.8 Pl ot  o f  time f or  50% conversion at  d i f f e r e n t  tempe ra tures . (Based on Fi g.  k. ~j) .
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diffusion and adsorption resistance dominate and they 
have a first order reaction.
Another possible explanation may be a change in 
the controlling step. Theory7»8 shows that in general, a 
change of slope of the XB-t plot is a definite 
indication of a change of the rate controlling step. The 
temperature sensitivity of the conversion affects the 
chemical step first, then the diffusion step. The 
temperature sensitivity condition appears in the 
reaction where the high activation energy is needed or 
in the low temperature process. Therefore, it may be 
suggested that at 1000°C the rate controlling step 
shifts from chemical reaction to some form of diffusion 
control.
It may be of interest to compare the present 
results on charcoal with the extensive data reported by 
Jalan and Rao22 for catalyzed carbon as shown in 
Fig.4.7. By inspection the general similarity of 
Fig.4.7 with Fig.4.2 is obvious.
For comparison, the tso values from Fig.4.7 are 
plotted in Fig.4.8 from which it is evident that a 
change in slope occurs also at 1000°C. Jalan and Rao22 
did not show temperature-time plots or comment on a 
possible non-linearity of their data. The purpose of
Temp. ,  °C
1100 1050 1000 950 900
F i g . ^. 9 Arrheni us  p l o t  o f  rat e  c o n s t a n t  data f o r  d i f f e r e n t  t e mper a t u r es .
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presenting their data is to draw attention to a possible 
similarity, at least as far as the temperature is 
concerned, between charcoal and catalyzed carbon.
4.2.1 Activation energy
From theory (Section 2.1.2) activation energy for 
chemical reactions is expected to follow the Arrhenius 
equation (eqn.[2.8]). In order to obtain the activation 
energy for the gasification of charcoal used, rate 
constants (k) were evaluated and the resultant values 
then plotted on In k - 1/T coordinates.
The experimental rate constants calculated from 
the straight line portion of the XB-t curves in Fig.4.2 
are given in Table 4.1 and the In k-l/T plot is given in 
Fig.4.9.
TABLE 4.1










5 1 , 100 0.5750
The calculated activation energy from Fig.4.9 is
193.2 kJ/mol with r 2=0.98 and the pre-exponential factor




of 2.97 minutes (see Appendix El ). This value of the 
activation energy lies within the range of 180-230kJ/mol 
reported previously for charcoal is-is (Sect.2.3) and is 
practically identical to that reported by De Groot and 
Shafizadeh15 for untreated Cottonwood and Na 2CO 3-treated 
Douglas Fir char. The Cottonwood char contained K, Mg 
and Ca at comparable levels to those revealed by EDS 
analysis for the present charcoal (Fig.4.10). Although 
the Douglas Fir char contained less alkalis, the 
activation energy was still similar to the Cottonwood 
char with the high alkali content.
It may be of interest to compare the activation 
energy of charcoal with that of a range of other carbons 
and other charcoals. Table 4.2 gives the result reported 
by Okstad and Hoy24.
TABLE 4.2
ACTIVATION ENERGIES OF VARIOUS CARBONS 
(After Okstad and Hoy24)
MATERIALS ACTIVATION ENERGY 
(kcal/mol)
- Lignite, New Zealand 87
- Charcoal I 78
- Charcoal II 76
- Coal, Turkey 77
- Coal, Japan 93
- Gas Coke, England 81
- Coal, Java 90
- Coal, Mexico 80
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Fig.4.11 Effect of gas composition on the gasification process.
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By inspection of Table 4.2, the activation energy 
of the present charcoal is lower than that of cokes but 
it is of the same order as charcoal reported by Okstad 
and Hoy24 in Table 4.2.
It is well known that alkalis have a catalytic 
effect on gasification hence it is not surprising that 
charcoals with their generally high alkali content 
(Sect.2 page 37) should have lower activation energies.
It should be noted that activation energy of a 
sample of coke obtained from Corrimal Coke Oven 
Proprietary Limited was also measured using the same 
apparatus (Fig*3.1) as used for charcoal gasification. 
The resultant value (Appendix T.i ) of 79 kcal/mol is in 
a good agreement with the Cokes refer to in Table 4.2.
4.3 EFFECT OF GAS COMPOSITION
The experimental results obtained at different 
gas compositions i.e. different CO 2-N2 ratios are given 
in Appendix 6.is and summerized in Fig.4.11.
In global terms as is evident from Fig.4.12, the 
effect of CO 2 concentration is correlated (r2=0.81) by a
CO 2 Concentration, (%)
F i g . 4.13 P l o t  o f  conve rsi on f o r  d i f f e r e n t  carbon d i o x i d e  c o n c e n t r a t i o n s  a f t e r  30 minutes g a s i f i c a t i o n .
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functional relationship with the exponent equal to 0.71. 
This result is, therefore, identical to that reported by 
Groeneveld and van Swaaj17 (Sect.2.3 page 39). However, 
a more detailed analysis of the influence of CO 2 
concentration showed that the effect is different at low 
and high concentrations. Figure 4.13 shows the effect of 
CO 2 concentration on conversion on a linear plot so as 
not to mask the differences inherent in log-log plots, 
such as Fig.4.12.
From Fig.4.13 it is obvious that conversion 
proceeds faster at low concentrations than at high 
concentrations. One possible explanation for this effect 
is the enhanced rate inhibition by CO poisoning within 
the pores of the particle at high CO 2 concentration. It 
is known that gasification rates of carbon in CO 2-CO 
mixtures are retarded markedly by increased partial 
pressure of CO15. The accumulation of CO ( g ) in the pores 
may be expected to depend on the diffusivity of CO in 
CO 2 and CO 2-N2 mixtures. Consequently, the concentration 
of CO(g) in the porous structure may be expected to be 
determined by the operative diffusivities of CO in the 
gases involved. Since the values of 2)co - CO2 is lower 
than 2)co - N 2 then it is reasonable to expect that with 
increased Nitrogen concentration in the reactant gas, 
the product CO(g) would diffuse out of the pores more
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rapidly thus resulting in a lower partial pressure of CO 
there» and therefore a smaller rate inhibition17.
Another possible explanation could be the local 
rate reduction caused by temperature differences within 
the particle. As the Boudouard reaction (Eqn.[2.1]) is 
highly endothermic and the effective thermal
conductivity of charcoal is quite low - in fact some 
three orders of magnitude lower than that of carbon, 
then any gasification within the particle may be 
expected to result in localised cooling, the extent of 
which is indicated by eqn.[2.17] on page 14.
The results of temperature measurements in the 
centre and at the surface of the charcoal particle, 
carried out according to Sect.3.44, to ascertain the 
extent of this effect in this study are given in 
Appendix H-l-3. As may be seen from the recorder charts in 
Appendix U.l-3 > measurements were made at three different 
gas flowrates viz. 2, 6 and 10 1/min. and the salient 
features of the results are :
(i) In all three cases centre temperature charts 
decrease almost instantly as soon as CO2 gas was 
introduced.
(ii) Initial AT value increases with flowrate.
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(iii) Maximum aT value observed also increases with 
flowrate viz. at 2 , 6  and 10 1/min. the observed 
ATmax was 52, 60 and 74 °C respectively.
(iv) The time for complete conversion, indicated on the 
charts (Appendix U.l-3) by a sudden increase in Tc, 
decreases with increased flowrate.
The latter is, of course, not an unexpected 
result in view of the fact that the heat transfer 
coefficient increases with gas velocity. However, the 
result in (iii) above with respect to the extent of the 
AT values was surprising.
This result may be compared to a 20°C difference 
measured by Chun and Yun18 in a 10mm coal pellet. For 
comparison with other systems it may be of interest to 
note that Keiner et al19 have recently reported 
temperature differences of up to 80°C for the 
calcination of 47mm diameter spherical particles of 
CaCO3 . Since gasification rate of the charcoal used in 
this study increases with (CO2 )0•7,(see Fig.4.12), and 
decreases exponentially with temperature (Fig.4.9), 
noting also that for an adiabatic process AT = X b AH/Cp, 
then an overall decrease of gasification rate at high
CO 2 concentration becomes feasible.
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Unfortunately, in the absence of point data and 
corresponding profiles, it is difficult to decide in the 
favour of one or the other with any certainty. In all 
probability both effects may be involved but with CO 
poisoning predominating. This conclusion is based on the 
results obtained when a bed consisting of four layers of 
charcoal particles of equal size and initial 
temperatures was gasified with CO 2 for 30 minutes. It 
was found that the conversion of the layers were 1.0, 
0.75, 0.50 and 0.30 respectively. This result is 
considered to provide strong evidence for the enhanced 
rate reduction by CO.
4.4 EFFECT OF PARTICLE SIZE
The effect of particle size on conversion was 
carried at constant temperature of 1000°C, The results 
are given in Appendix 1.1-5 and summerized in Fig. 4.14.
By inspection of Fig.4.14 it is evident that X b 
and also gasification times are affected by particle 
size. This result is therefore in agreement with theory 
(Sect.2). To obtain the actual effect of particle size 
on initial rate of gasification, In t is plotted as a 
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the functional relationship. The plot is shown in 
Fig.4.15.
From Fig.4.15 the effect of particle size on the 
initial rate is correlated by a functional relationship 
with R 0,81. The effect of charcoal size on gasification 
has been studied by Salles et al18. From their results 
which are reproduced in Fig.4.16 they found conversion 
to be proportional to R 1*23. This is a significant 
difference; however, noting that Salles et al. used a 
packed bed, and that in the previous section (Sect.4.3) 
it was shown that the average conversion of a bed of 
charcoal particles was lower than conversion of a single 
particle under the same conditions may explain the 
difference.
It may be of interest to remark that the 
influence of particle size on the gasification of chars 
reported in the literature ranges from a nil effect20 to 
a 35-fold effect21. Such a wide effect of particle size 
simply demonstrates the broad spectrum of pore 
parameters of different chars and the fact that most 
char gasification studies were performed using beds of 
small particles (20-500 }lm) .
In order to test if SCM (Sect.2.2.1) may be 
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complete conversion ( )̂ has been plotted against 
particle size on logarithmic coordinates in Figure 4.17. 
By inspection of Fig.4.17 the plot gives a straight line 
of slope 1.097. According to theory, linear dependence 
of 'C on R for particles of shrinking size, is consistent 
with SCM reaction control (eqn. [2.24]). It should be 
noted that Salles et al18 also concluded that their X b 
results followed SCM reaction control (Sect.2.3) but 
their conclusion was based on the fit of their results 
to eqn.[2.30] and not eqn.[2.29]. The actual plot of the 
results by these authors is shown in Fig.4.18 from which 
it is evident that the fit is reasonable.
Nevertheless, the significant difference between 
the effect of particle size found by Salles et al18 and 
that observed in this investigation still remains. In 
fact, the difference is even more striking at low 
conversions which is made clearer by plotting their 
1 2 5 —R values from Fig.4.16. The resultant plot is shown 
in Fig.4.18 which may be compared with the equivalent 
plot of this investigation in Fig.4.15.
Thus, whereas the difference in the exponent on R 
between the two studies was previously 
+0.133(1.230-1.097) it is now, for t25, -0.56(0.81-1.37) 
ie. it is not only larger in absolute sense but also in 
the opposite sense. Unfortunately, in the absence of
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F i g . 4.19 E f f e c t  o f  gas v e l o c i t y  o f  mixture on the g a s i f i c a t i o nprocess  f o r  -25+19mm s i z e  cha rcoal  p a r t i c l e s .
Gas Velocity, (cm/sec.)
*
F i g . 4.20 E f f e c t  o f  gas v e l o c i t y  on time f o r  complete co n ve r s i o n  o f  cha rcoal  p a r t i c l e .
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sufficient details of their experimental procedure it is 
not possible to give a valid explanation. However, the 
fact that Salles et al18 employed not only a packed bed 
as noted earlier, but also charcoal particles of wide 
size range and of irregular shape, may have something to 
do with this. Clearly, further research is necessary 
before this problem can be resolved.
4.5 EFFECT OF GAS VELOCITY
The results of the investigation of the effect of 
gas velocity on the conversion of charcoal particles of 
various size, are given in Appendix Jl-1> and for 
particles of -25+19mm in Fig.4.19. The effect of gas 
velocity on time for complete conversion (T) of charcoal 
particles in Fig.4.19 is shown in Fig.4.20.
The results in Fig.4.20 show that as gas velocity 
increases T at first increases for other particle sizes 
and for runs with pure CO 2 (Appendix k.i ) parallel those 
in Fig.4.20. However, results with coke particles 
(Appendix L.i), obtained for comparative purposes, 
showed only an expected decrease of T with increasing 
gas velocity before becoming constant.
F i g . A . 21 E f f e c t  o f  low gas v e l o c i t y  on c o n v e r s i o n .
2 ̂( A f t e r  Doraiswamy and Sharma p)
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The unusual effect of gas velocity on charcoal 
gasification at low values of the velocity must be true 
since it was reproduced each time and under different 
conditions.
According to Doraiswamy and Sharma25, a 
paradoxical situation such as that in Fig.4.21, which is 
similar to Fig.4.20, can arise if at very low Reynolds’ 
numbers (2-3) the reaction is entirely mass transfer 
controlled and the mass transfer coefficient is 
practically independent of ReP (corresponding to a 
limiting Sherwood number). This would lead to a 
decrease in conversion until a point is reached when Sh 
begins to rise with ReP and the normal behaviour is 
restored. However, why this explanation, although 
plausible, should apply only to charcoal and not to coke 
cannot be answered except by reference to the obvious, 
viz. that the different structure of the two materials 
may, in some way, have something to do with it.
It should be noted that every effort was made to 
solve the observed puzzling effect of the gas velocity 
on the gasification of charcoal. Normally, only one set 
of standard conditions of particle size, gas composition 
and temperature would have been sufficient. In the 
event, different size particles and gas compositions 







F i g . k . 22 Change in p a r t i c l e  s i z e  and average densi ty  with . co n ve r s i o n .
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well as the heat effect at various gas velocities were 
measured (Sect.4.3) all for the purpose of gaining an 
insight into the unexpected effect of the gas velocity. 
It was hoped that the heat effect data would provide the 
necessary clues. Thus, it was expected that the recorded 
temperatures would be similar for the 2 and 10 1/min. 
and that both would be different for that of 6 1/min. 
Unfortunately, this was not the case (Sect.4.3). In the 
end,lack of time prevented further work from being done 
on this problem. It is hoped that future investigations 
may resolve the puzzle as to why charcoal behaves in the 
way it does when coke tested in exactly the same way and 
in the same apparatus behaved normally.
4.6 CHANGE OF PARTICLE SIZE WÎTH CONVERSION
The change of particle size with conversion 
measured according to Sect.3.4.5 that of average
particle density measured according to Sect.3.4.1 are 
given in Appendix M .1 and shown in Fig.4.22. An example 
of the actual particles involved may be seen in the 
photographs of Fig.4.4.
The change of particle size with X b in Fig.4.22 
is well represented by the equation :
R/Ro = (1-Xb )1/3 [4.2]
The relationship given by eqn.[4.2] is expected for SCM 
gas diffusion (eqn.[2.21]) and reaction control 
(eqn.[2.30]) but not ash control (eqn.[2.24]).
The SCM also requires that particle density (Pp) remains 
constant with X b which is the case here (Fig.4.22).
The P/Po results in Fig.4.22, except for the 
initial rapid increasing, are not too far scattered about 
the horizontal which represents the relationship :
p/p0 = constant [4*3]
The relationship given by eqn.[4.3] expected from grain 
models (Sect.2.2.1) when particles change size. This is 
the case here as Fig.4.22 shows.
Although the results in Fig.4.22 do not extend 
beyond 75% conversion when particles became too small 
for these measurements, there is an apparent trend of an 
decreasing in Pp. This feature has been observed in 
pulverised fuel combustion and has been interpreted as 
resulting from particle disintegration5 but this was 
definitely not the case here.
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One accepted explanation5 for the result when 
particles gasify with reduction in both size and density 
is that both pore diffusion and chemical reaction have a 
strong limiting effect on the gasification. However, 
under this condition the expected relationship for the 
change in size and density with conversion is the same, 
ie. :
R/Ro = p/p0 = (1 - X b )1/4 [4.4]
Although the relationship given by eqn.[4.4] can, to a 
large extent, also represent the R/Ro results in 
Fig.4.22, it is obvious that it cann°t do so for p/Po as 
well.
Moreover, compared with the pore radii in chars 
with those of the magnitude existing in charcoal 
(Sect.2.3), pore diffusion limitations may be ruled out. 
In fact, in this study the ratio of the specific 
gasification rates at all conversions and that of the 
corresponding initial stage of gasification, was always 
found to be greater than 1. According to the theory 
(eqn.[2.14]) this result therefore supports the 
conclusion that under the gasification conditions 
employed here pore diffusion regime, in the accepted 
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The constancy of the particle density means that 
with the density of carbon expected to remain constant 
during conversion, the porosity does not change with 
gasification. This is evident from eqn.[4.5] :
4» P p = P c  (1 -  S) [4.5]
4.7 EFFECT OF CONVERSION ON CHARCOAL STRENGTH« '>
Compressive strength of charcoal samples was 
measured according to the procedure in Sect.3.3. Both 
vertical and horizontal strength were measured. Detailed 
results are given in Appendix N.l and the results of the 
mean strength at various conversions are shown r in 
Fig.4.23. ■
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It is obvious from Fig.4.23 that in both 
directions the strength increses initially and then from 
about 8% gasification it decreases dramatically then 
much more slowly. This result is therefore similar to 
the behaviour of coke reported by Jeulin et al26. These 
authors observed that the effect of carbon burn off on 
coke strength after the reaction is most pronounced at 
approximately 25% and beyond approximately 40% it 
decreases much slower.
It is also obvious from Fig.4.23 that charcoal 
strength is much higher in the vertical direction than 
in horizontal - the difference been almost one order of 
magnitude. In general terms these results may be 
expected from the theory of the strength of materials 
which shows that compressive strength in non-isotropic 
materials depends on the direction of the applied 
stress.
However, the above theory deals with Coulomb type 
solid and not with the strength of porous materials such 
as coke and charcoal. In these solids it may be expected 
that neighbouring pores may interact mechanically so 
that the critical stress for fracture would be reached 
earlier. It is also expected that in compression a 
porous solid would not have a well defined principle 
plain as normal solids have (ie. in the 45° direction).
0 500 1000
DISPLACEMENT l/jm )
F i g . ^.24 Typica l  force-d isp lacement  record under un ia x ia l  
compression cond i t ion s  fo r  coke.
(A f te r  Jeul i n ^ )
Ve r t I c a 1 p o s 111 on
Horizontal  pos i t i on
F i g . ^.25 Typical  f orce-displacement  record under uni axi al  compression condit ions for charcoal .
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Jeulin et al26 give a strength-pore structure 
relationship for the fracture strength ( R) of coke 
ash.
exp(-6.Vv)
[Jr = (To-----------  [4.6]
fa
where : (J"o and b are coefficients, a - a geometrical 
factor and Vv - is pore volume fractions.
For coke Jeulin et al26 claim a satisfactory 
relation between measured average strength of a group of 
samples and that estimated from eqn.[4.6].
Although for charcoal it is possible to obtain a 
Vv value, the volume fraction of largest pore required 
in eqn.[4.6] has no meaning in the sense that it has for 
coke. However, it may be useful to examine if there are 
similarities in the behaviour of coke and charcoal in 
compression.
Figure 4,24 shows typical a force-displacement 
record for coke26 whilst Fig.4.25 shows the record
obtain for charcoal in this investigation.
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As may be seen in Fig.4.25 stress and strength in 
the vertical position of charcoal at both X b=0 and 
X b=8.4% show linear dependence until fracture which 
occurs suddenly. At X b 40 and 70% there is still 
approximately linear dependence between stress and 
strain until maximum stress is reached; thereafter, 
there is a sudden decrease in the 40% case and a gradual 
erotic decrease in the 70% case until some approximate 
constant value is reached before the end of the 
test. These two behaviours are therefore similar to 
coke in Fig.4.24.
In the horizontal position there is some initial 
linearity between stress and strain, but this is soon 
replaced by an erotic behaviour indicative of continuous 
internal cracking. In a sense the behaviour in the 
horizontal position is similar to coke in Fig.4.24 and 
to stress in vertical position at 40 and 70% conversion. 
Unfortunately, Jeulin at al26 did not present recorder 
tracers for different conversions of coke so no real 
comparison can be made between the behaviour of the two 
materials over a full range of the conversions. However, 
it may be suggested that with exception of a zero and 
8.4% conversion of charcoal in the vertical position, 
overall the two behave ih a similar pattern.
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Because the principal work in this thesis concern 
gasification kinetics no attempt has been made to 
pursue the mechanical test beyond that reported here.
However, it may be useful to comment further on 
the significance of the results in Fig.4.23 to practice.
In a blast furnace, charcoal is not expected to 
be gasified by CO 2 much beyond approximately 30 to 40% 
before it reaches the tuyere level where it will burn 
completely. Thus, gasification beyond approximately 40% 
is not important as such. Gasification below this value 
is important in two respects :
1. The actual gasification rate.
2. The contribution it makes to the weakening of
the charcoal (Fig.4.23).
As Fig.4.23 also shows the strength in the 
horizontal position which is already low at the outset 
is reduce even more. Noting that in practice the 
horizontal position of charcoal particles normally 
charge into the furnace is the most stable position, 
makes the results in Fig.4.23 that much more significant 
in providing insight into possible behaviour of charcoal 
in the blast furnace.
Longitudinal
F i g . 4.26 SEM images o f  fresh charcoal  in transverse and l on g i t udi n a l  obse rvat i o n .
F i g . ^ . 27 SEM images o f  25% s e c t i o n  f o r  every converted charcoal particle in1mm depth (from top to bottom) tr a nsver s e
(Continued on next page)
F i g . 4 . 2 7  SEM images o f  25% c o n v e r t e d  c h a r c o a l  p a r t i c l e  in t r a n s v e r s e  s e c t i o n  f o r  e v e r y  1mm d e p t h  ( f r o m t o p  t o  b o t t o m ) .( C o n t i  nued)
F ig .k.28 SEM images of 50% converted charcoal particle in transverse
section for every 1mm depth (from top to bottom).
(Continued on next page)
(e)
(f)
F i g . 4 . 28  SEM images o f  50% c o n ve r t e d  s e c t i o n  f o r  ev e r y  1mm depth c h a r c o a l  p a r t i c l e  in t r a n s v e r s e  (from top t o  b o t t o m ) .(Cont i  nued)
Fig.^.29 SEM images of 75% converted charcoal particle in transverse
section for every 1mm depth (from top to bottom).
(Continued on next pag$)
F i g . 4. 29 SEM images o f  75% s e c t i o n  f o r  e v e r y c o n ve r t e d  1mm depth c h a r c o a l  p a r t i c l e  in t r a n s v e r s e  (from top to b o t t o m ) .( Cont i nued)
F i g . 4.30 SEM images o f  the s u r f a c e  o f  charcoal  p a r t i c l e  in t r a n s v e r s e  s e c t i o n ,  a f t e r  90% c o n v e r s i o n .
la
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F i g . 31 SEM images below the surface of charcoal pa r t ic le  in transverse
section after  90% conversion.
Fig.^.32 SEM images below the surface of charcoal particle in
longitudinal section after 75% (a), 50% (b) and 25%
(c) conversions.
F i g . 4.33 SEM images of the surface of charcoal p a r t i c le  in
long i tud ina l  sect ion  a f te r  90% convers ion.
F i g . 4. 3^ SEM images below the s u r f a c e  o f  cha r c o al  p a r t i c l e  in l o n g i t u d i n a l  s e c t i o n  a f t e r  30% c o n v e r s i o n .
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4 . 8  CHANGES IN PARTICLE STRUCTURE WITH CONVERSION
Both transverse and longitudinal structure of 
particles after 25, 50, 75 and 90% conversion were 
examined by SEM at various magnifications (60-3,000x) 
according to the procedure in Sect.3.2. The examination 
was carried out on fresh charcoal and after different 
conversions on particle sections every 1mm from surface 
to centre, to also obtain information of any changes in 
the structure with distance from the surface. The 
results are presented in Figs.4.26-4.34.
The most notable result of the analysis was that 
in transverse section, the pore structure of all levels 
of conversion and at any point within the particle was 
on the whole indistinguishable from that of the original 
unconverted particle in Fig.4.26.
At each conversion level the surface of the 
particle shows the greatest attack compared to that 
below the surface. As expected, at 90% conversion 
surface attack was the most severe as shown in Fig.4.30 
for a number of surface sites and in Fig.4.31 for that
below the surface.
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In longitudinal direction what attack there was, 
was not notable at 25, 50 and 75% conversion as is 
evident from Fig.4.32. However, at 90% conversion the 
attack in longitudinal direction was extremely severe 
both at the surface and below it (Figs.4.33 and 4.34). 
Nevertheless, at the centre of particle, even at this 
extreme conversion (90%), the structure was still 
relatively presented as is clear from Fig.4.34(d).
The above finding is therefore in line with that 
reported by Zicherman and Williamson27 that "the cell 
morphology of wood chars remains virtually intact even 
at high extent of weight loss".
Detailed examination of the structures revealed 
that in all cases large cracks did not appear to be 
associated with any particular direction or any obvious 
structure abnormality in the original charcoal. 
Moreover, the width of the cracks did not appear to have 
been influenced, i.e. become wider or narrower, by the 
level of conversion of the particle. See for example 
Fig.4.27(c) and Fig.4.29(e).
The fine cracks extended transversely across a 
region of micropores from two adjoining macropores. 
These cracks were not observed at the 25% conversion. 
Fig.4.32 shows the nature of these cracks and also
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perforations of the pore walls which in the case of 90% 
conversion was the most severe as obvious from Fig.4.34.
SEM analysis at high magnifications confirmed 
that the extent of macropore and micropore wall 
perforation increased with conversion. Also, the attack 
of the micropores parallelled that of the macropores. 
In other words, increasing the conversion only increased 
the total perforated wall area of a given micropore 
rather than starting and spreading the attack to 
untouched micropores. The reason why some micropores 
(and macropores to some extent) escape attack altogether 
whilst other pores, about 1 in every 10, were selected 
for the attack is not clear.
From the foregoing results it may be concluded 
that structural changes of charcoal on conversion are 
minimal when compared with those of coal chars. As shown 
in this study charcoal gasification proceeds largely on 
the outer surface which includes pore mouths. 
Gasification of the interior of the particle is minimal 
at low conversions and increases, in relative terms, as 
conversion proceeds.
On the evidence presented earlier, pore diffusion 
is not a limiting factor in charcoal. Additional 
evidence for this conclusion is provided by the
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temperature measurements of the particle core during 
gasification as detailed in Sect.4.3. As is evident from 
continuous temperature recordings show in Appendix B.5, 
on gasification the temperature on the outer 
thermocouple remained constant; however, the temperature 
measured by the centre thermocouple fell almost 
immediately the CO 2 was introduced, and then continued 
to decrease gradually as gasification proceeded until, 
on complete conversion, the particle disappeared and the 
temperature rose again to the original value.
The above evidence together with that of 
Groeneveld and van Swaaj17 in Fig.2.19, therefore, shows 
that the gasification of charcoal particles proceeds 
largely by the consumption of the carbon at the surface 
with a contribution from the particle interior that 
increases with conversion. This indicates that the 
chemical reaction is rapid enough so that most of the 
available CO 2 is consumed at the surface and the 
interior is essentially starved of this reactant. 
Naturally, as the particle shrinks, the outside surface 
decreases so that more and more of the CO2 becomes 
available to penetrate into the interior to react there.
The above phenomenological interpretation is 
supported by the fact that compared with coke and most 
chars, charcoal, or more precisely, the carbon in
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charcoal, is a very reactive material. So chemical 
reaction would be expected to be fast, therefore the 
bottleneck in the gasification of charcoal is likely to 
be supply of fresh CO 2 to the reaction front.
Finally, there are three results of the SEM study 
that should be mentioned. The most startling result has 
been the observed tenacity of the charcoal structure. 
Even at the 90% conversion, when the initial particle 
has shrunk to practically nothing, there was no gross 
disintegration - the fibrous structure going back to the 
original wood, was still readily identifiable. On 
reflection, such a result, though amazing when observed 
in the confines of the laboratory, is just a normal 
response of nature intent on preservation of the 
species. It is not unusual to observe, for example, how 
following a devastating forest fire, some tree trunks 
which seemingly have been practically reduced to 
charcoal begin to sprout new growth. Naturally, for this 
process to take place the presence of the intrafibrillar 
capillary structure is vital.
The second result was the finding that the 
reaction occurred mainly in the outside shell of the 
particle with very little apparent gasification of the
interior.
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This is reasonable expectation considering the high 
reactivity of the charcoal. It seems almost certain that 
what is happening in the gas reacting rapidly at the 
surface as soon as the contact is made. With the high 
reaction rate, most of the reactant gas (C02) is very 
quickly deplected - leaving very little, or none at all, 
of the C02 to react further inside the particle. This 
explanation is not only reasonable but is also 
consistent with the experimental finding noted earlier.
The third result was that of the appearance of 
macrocracks early in the gasification process and of 
microcracks afterward also. The presence of these cracks 
almost certainly explain the behaviour of charcoal in 
compression (Fig.4.25) and the sudden decrease in 
strength on gasification (Fig.4.23). The latter is in 
accord with the weakest link theory (Jeulin) which 
assumes that most severe flaws initiate crack 
propagation before any less severe flaws do so. 
Incidently, the size of this weakest link, i.e. the 
macrocracks in the case of charcoal, is contained in the 
term "a" in eqn.[4.6].
d 14 a 
d t
e . i
riiO o n v cl*- r u ss i o o
F1 g . . 35 An example o f  a rat e- X^ p l o t  o f  the r e s u l t s  o f  t h i s  i n v e s t i g a t i o n .
F i g , A . 36 Schematic  i l l u s t r a t i o n  o f  c h a r c o a l  sample showing s u r f a c e  area (A1) in pore mouths.
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4.9 DATA ANALYSIS
The SEM results in Sect.4.8 strongly suggest that 
existing pore development models for chars gasification 
(Sect.2.2.3) cannot be applicable in the present form of 
charcoal gasification. This is because pore development 
models require that pore structure changes with 
conversion (eg. as in Figs.2.16 and 2.17), which is not 
the case with charcoal. The SEM photographs (Figs.4.26 
to 4.34) show beyond any reasonable doubt that the pore 
structure of charcoal remains practically unchanged with 
conversion at least up to 75%. Nevertheless, when the 
data were analyse according to rate-XB junction of pore 
development models significant similarities emerge. This 
is illustrated by Fig.4.35 calculated from data file 
2.12 in Appendix D.2.
The similarity between the rate curve in Fig.4.35 
and those obtainable from pore development models (eg. 
Fig.2.6 or Fig.2.11) may be explained by considering the 
observation noted in Sect.4.7, that the pore mouth also 
take active part in gasification in addition to the 
external surface. Such a situation is shown 
schematically in Fig.4.36.
If chemical reaction is the controlling step as 
suggested by SEM evidence in Sect.4.7, then :
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dW/dt = kAP c o 2 n = KA [4.7]
where : "A" from Fig.4.36 is given by :
A = 6d2 + A * [4.8]
Substituting eqn.[4.8] into eqn.[4.7] gives :
dW/dt = K (6d2 + A*) [4.9]
Since W = d 3 pthen with eqn.[4.1] :
d 3 p = do3 po (1 - X b ) [4.10]
Since both particle size and density may change 
with conversion then without any loss of generality we 
can assume these variations to follow :
P = Po (1 - X b )m [4.11]
d 3 = do3(l - X b )i-« [4.12]
for 0<m<l
On substitution of P and d from eqns.[4.11] and
[4.12] into eqn.[4.10], eqn.[4.9] then becomes :
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dW/dt = K 6(1-Xb)2 <i-m)/3 + A * [4.13]
which gives the type of plot as shown in Fig.4.35 
without involving pore development models.
The local volumetric model of Groeneveld and van 
Swaaj17 i.e. eqn.[2.44] was not applied to the results 
because the necessary functions relating the reactivity 
and diffusivity with conversion could not be measured. 
Additionally, these authors highlighted an inconsistency 
between model prediction and the actual measurements at 
a distance from the particle surface. An examination of 
their experimentally measured local carbon conversion 
(Fig.2.19) shows that conversion took place
predominantly by surface gasification, which result may 
be considered as an example of a practical manifestation 
of SCM at work. In other words, the experimental results 
of Groeneveld and van Swaaj17 are much too different to 
follow UGM, as they also conclude, but not too different 
from a textbook case of the SCM for it to be usefully 
applied to charcoal gasification.
In fact, the XB-t data of this investigation were 
analysed for their fit to SCM ash and reaction control 
and to UCM by eqns.[2.24],[2.30] and [2.37] 
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the data over the entire range of conversions; they 
only indicate partial fit.
One convenient way to analyse the data for the 
extent of partial fit to SCM is to plot the experimental 
results in the form :
kt = l-(1-Xb )1/a n [4.14]
on logarithmic coordinates and determine the value of n.
If n=l then we have reaction control.
If n=2 then ash control is operative.
If n=l/2 then gas film resistance may be suspected.
Figure 4.37 gives such a plot for the different 
size particles investigated and similar results were 
obtained for other conditions (Appendix B.16-18).
The results in Fig.4.37 show that more than one 
controlling mechanism is operative and that their nature 
and extent are particle size related. In the case of the 
smallest particle the initial controlling mechanism is 
essentially that of chemical reaction (n=0.92) which 
then changes towards what appears to be gas film 
diffusion (n=0.59) as the particle shrinks in size.
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For the largest particle used the results suggest 
that essentially only the chemical reaction controls the 
process throughout (n=0.89) with little apparent change 
to gas film control at the end. Considering that Rep 
decreases with decreasing particle size the foregoing 
conclusion is not unreasonable. Further support for this 
conclusion may be obtained by noting that the XB-t 
result for the smallest particle is practically linear 
from X b=0 to X b=1 whereas larger
particles do not exhibit such total linearity. Linear 
X b — t relationship for the entire gasification process 
is, according to eqn.[2.21] expected from gas film 
control.
The results for other gasification conditions 
used may be summarised as follows :
(a) Constant particle size, variable temperature; at 
low temperature (900°C) chemical reaction was 
dominant throughout, at high temperatures (1100°C) 
film resistance entered the picture at high 
conversions.
(b) Constant particle size, variable C02 concentration; 
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(c) Constant particle size, variable gas velocity; at 
low velocity chemical reaction was followed by gas 
film control at high conversions: at high gas 
velocity chemical reaction predominated throughout.
It should be remarked that at no stage did the 
result suggest ash diffusion control. This is therefore 
very different from the results of Fung and Kim20 in 
Fig.2.21 that the latest stage of gasification of 
Canadian Coal chars was controlled by ash diffusion. 
Considering the large differences in the ash content of 
coal chars and charcoals the above results may not be 
surprising.
To gain further understanding of how of the 
different mechanisms enter into the gasification process 
with conversion, the rate data were re-calculated on 
specific rate basis, i.e. as (l/Wt)dW/dt, and plotted 
against X b .
Figure 4.38 shows the result for the two extreme 
particle size used. The results for the in-between 
particle sizes fitted proportionately in between but 
haVe been omitted for clarity. However, the complete 
results are given in Appendix P.l-s
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It is obvious from Fig.4.38 that for the smaller 
particle both early and later rates are higher and they 
also increase faster with conversion than for the larger 
particle and, that the transition occurs at a lower 
conversion when the initial particle size is small.
The increase of the specific rate in the early 
part of the gasification process suggests that the 
actual process consists of two parallel reactions - the 
two most likely being the exterior and the interior 
surface reactions. If the reaction occurred on the 
exterior surface only then no increase in the specific 
rate would be expected with conversion. However, it 
should be borne in mind that from the SEM results 
(Sect.4.7) the interior surface which contributes to the 
reaction - at least until some critical conversion has 
been reached, is contained largely in the shallow band 
below the outersurface proper. At the critical 
conversion, as the SEM results again show, the interior 
surface proper contributes to the reaction. This may 
explain the increase in the specific reaction rate at 
the latest stage of gasification.
The fact that the rate enhancement occurs at 
different conversions for different size particles means 
that this effect becomes operative at some limiting 
particle size (weight) reached in the gasification
0.4
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F i g . 4.39 Change o f  s p e c i f i c  g a s i f i c a t i o n  r a t e  wi t h c o n v e r s i o n  at  900°C and 1 100°C.
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process, For the conditions of this study this 
transitional conversion is rationably well correlated 
with a 1/5th power of the original particle size, ie. Xb 
a Ro17 5, The above interpretation regarding transitional 
conversion is supported by the results obtained for the 
effect of temperature and velocity on the gasification 
of constant size particles. Figure 4.39 shows the 
specific rate - Xb plots for the two extreme 
temperatures used from which it is apparent that the 
value of transitional Xb is essentially constant for 
these temperatures as it was also at other temperatures 
(Appendix Q.l-5 ) .
Incidentally, the expected rate enhancement of 
each of the two gasification stages of a particle as a 
function of temperature is also clearly displayed in 
Fig.4.39.
The influence of CO2 concentration on the 
specific reaction rate of constant size particles 
parallelled that of the effect of temperature in 
Fig.4.39, but only above 50:50 CO2-N2 . Below this ratio 
the results were quite curious in showing essentially no 
rate enhancement throughout. Figure 4.40 shows the 
result at CO 2-N2 ratios of 60:40 and 40:60 from which
the effect referred to above is obvious.
tjItJ«tI **rH
X B , ( %  )




o 100 2 0 0
t , (min.)
F i g . l t . 4 l  P l o t  o f  con ve rs i on - 1 i me f o r  d i f f e r e n t  gas c o mp o s i t i o n .
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The absence of rate enhancement at low CO 2 
concentration is probably explained by a possible 
reduction of active site density by Nitrogen in CO 2-N2 
mixtures which at 50:50 CO 2-N2 ratio apparently reaches 
saturation. This effect is supported by the 
literature8-11 and by the XB-t results in Fig.4.41 which 
clearly show that complete conversion of the charcoal in 
the CO 2-N2 mixtures was not reached at low CO2 
concentrations.
It may be of interest to note that Juntgen28 
employed similar presentation to that used here to 
exaime some char gasification data by plotting 
1/(1-Xb )(dXB/dt) vs X b . Actually this relationship or 
its equivalent (1/Wt)(dW/dt) used here can be derived 
from eqn.[4.13] by noting that at any time :
Wt = do3 p0 (1-X b ) [4.14]
On substitution of eqn.[4.14] into eqn.[4.13] we obtain:
dW 6(1 - X b )2 <1 >/3 A*
-----= K ------------------- + --------------  [4.15]
Wt dt do3 Ro (1-Xb ) do3 Po (1-Xb )
which on rearrangement becomes :
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dW 6 A *
-----= K ---------------- ------- + --------------- [4.16]
Wt dt do3 Po (1-Xb ) (i + 2 m ) / 3 do3 p0 (1-Xb )
By inspection eqn.[4.16] gives the type of relationship 
shown in Fig.4.38.
Juntgen28 gave in his paper examples for which 
the specific rate increases monotonously throughout and 
for which the specific rate after initial conversion of 
about 10% remains nearly constant thereafter. The former 
behaviour was explained by the changes in accessible 
internal surface during burn-off and the latter as 
indicating that changes of surface area during burn-off 
are of only minor significance to reaction rate.
This therefore, supports the interpretation given 
above for charcoal gasification. .
In summary, the results and other evidence
provided here indicate that the gasification of charcoal 
proceeds by the gasification of the external surface of 
the particle supplemented by the reaction of the 
internal surface as conversion proceeds to an extent 
dependent on conversion and the original size of the 
particles. For all practical purposes gasification of 
the charcoal particles of the size used here is
99
satisfactorily represented by the SCM reaction control 
model. The generalised correlation for the gasification 
rate (g/min.)of charcoal particles of this study is 
given by :
dW
-- = 3.29x10 “ 3 expl9 3.2/RT (C02)0-71 (dp)0-81 [4.17]
dt
and that for the time of complete conversion (min) by :
T = 1.81 (T/900)5•3 (C02)0-71 (dp)1-1 [4.18]
where the unit are : C02 - atm., dp - mm, and T in
eqn.[4.18] is in °C.
It should also be noted that eqns.[4.17] and 




The results of this study of the gasification 
kinetics of single charcoal particles in C02 have shown 
that :
1. Conversion increased with the time of gasification, 
at first rapidly and then more slowly after a certain 
conversion has been reached.
2. The effect of temperature on the gasification rates 
followed the Arrhenius equation. The calculated 
activation energy was 193.2 kJ/mol.
3. The effect of CO 2 concentration on the gasification 
process clearly showed that conversion proceeded 
faster at low concentrations than at high 
concentrations.
4. Conversion and also gasification times were affected
by particle size. The effect of particle size on the 
initial rate was correlated by a functional
relationship of R 0,81.
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5» The effect of gas velocity on the gasification 
process showed that as gas velocity increased, d at 
first increased for different particle sizes before 
becoming constant. However, results with coke 
particles, obtained for comparative purposes, showed 
an expected decrease of d with increasing gas 
velocity before becoming constant.
6. The change of particle size with conversion followed 
the relationship R/Ro=(1-Xb )173 expected for SCM gas 
diffusion and reaction control but not ash control.
7. Effect of conversion on charcoal strength showed that
in both directions the strength decreased
dramatically in the early stages of gasification and 
then much more slowly thereafter.
8. Effect of conversion on the structure of the particle 
as observed by SEM, showed that in transverse 
section the pore structure at all levels of 
conversion and at any point within the particle was 
on the whole indistinguishable from that of the 
original unconverted particle. In longitudinal 
section, what attact there was, was not noticeable at
102
25%, 50% and 75% conversion. However, at 90%
conversion this attack was extremely severe both at 
the surface and below it.
9. The generalized correlation for the gasification rate 
of charcoal particles of this study is given by :
dW
-- = 3.29x10"3 exp19 3.2/RT(CO2)0•71(dp)0•81 
dt
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APPENDIX A .1
DATA LOGGING COMPUTER PROGRAM
10 LOGGING COMPUTER PROGRAM,
20 REM PROGRAM TO RECORD WEIGHT-LOSS DATA FROM CHYO BALANCE. 
30 ON ERROR GOTO 510 
40 CLS 
50 MODE7
60 PRINT’"BBC CHYO BALANCE LOGGING PROGRAM"
70 PRINT"_ _ _ _ _ _ _  _ _ _ _ __  "
80 INPUT” "CHÀRCÒAL~INITfÀL WEIGHT” "¡‘CHARCOAL 
90 INPUT’"FURNACE TEMPERATURE ";TEMP
100 INPUT’"GAS FLOW RATE ";GAS
110 INPUT "'SAMPLE INTERVAL IN SEC. ";SEC 
120 ST=SEC*100












250 IF ADVAL(-1)>0 AND ADVAL(-3)>0 THEN YX=GET:CALL OSBYTE 
260 *FX2,1
270 IF ADVAL(-2)>0 THEN INPUT A 
280 *FX2,2
290 IF INKEY$(1)="F" THEN 320
300 IF TIME> =T+30 THEN A(M)=A:PRINTTAB(20);M :M=M+1 :T=TIME+ST 
310 UNTIL FALSE
320 PRINT” "FILE NO. ";FILE$
330 PRINTIYX,FILE$
340 PRINT’"CHARCOAL INITIAL WEIGHT "; CHARCOAL ;" grams"
350 PRINT#YX,CHARCOAL
360 PRINT’"FURNACE TEMPERATURE "¡TEMP;" Celsius"
370 PRINT#YX,TEMP
380 PRINT’"GAS FLOWRATE ";GAS;" 1/min."
390 PRINTIYX,GAS
400 PRINT’"SAMPLES TAKEN ";M;" times"
410 PRINTIYX,M
420 PRINT’"TIME INTERVAL "¡SEC;" seconds"
430 PRINTIYX,SEC 







510 IF ERR017 THEN REPORTlPRINT " at line "¡ERL:GOTO 480
APPENDIX B.1
SAMPLE OF DATA RECOVERY COMPUTER PROGRAM
10 REM RECOVERY COMPUTER PROGRAM.
20 REM PROGRAM TO PLOT DATA IN GRAPH OF X CONVERSION VS TIME FOR DIFFERENT TEMPERATURE IN C02 
ATMOSPHERE ONLY, WHERE TIME UP TO 100 MINUTES.
30 MODE?
40 PRINT” " UNIVERSITY OF WOLLONGONG"
50 PRINT’" CHYO BALANCE DATA RECOVERY PROGRAM" ,
60 PR IN T"_ _ _ _  _  _ _ _  __ "
70 INPUT’” "FILE TO READ "";FILE$






140 I N P U T m , GAS
150 INPUTIYX.NUM :REM NUMBER OF SAMPLES TAKEN
160 I N P U T m , S E C  :REM SAMPLING TIME INTERVAL IN SECS.
170 DIM A (300) :DIM B(300) : REM MAX.HERE IS ABOUT 1300 
180 CLS
190 REM LINE FEED TO PRINTER 
200 *FX6,255
210 INPUT” "DO YOU WANT TO PRINT RESULTS ";P$
220 IF P$="Y" THEN VDU2 : REM ENABLES PRINTER
230 PRINT’" _ _ _ _ __  _ _ _ _ _ _ _ _ _ _ _  __ "
240 AXrlO ' " " “  "
250 PRINT’" UNIVERSITY OF WOLLONGONG"
260 PRINT’" DEPARTMENT OF METALLURGY AND MATERIALS ENGINEERING"
270 PRINT’" BBC MICROCOMPUTER DATA PROCESSING"
280 PRINT" _ ___  __  _  __ _ _ _ _ _ _ _ _  "





: "; TEMP;" Celsius
320 PRINT" CHARCOAL INITIAL WEIGHT CHARCOAL ;" grans
330 PRINT" CHARCOAL SIZE -25+19 nn"
340 PRINT" 
350 aX=10
BASKET WEIGHT ";BASKET ;" grans"
360 PRINT" C02 GAS FLOWRATE ";g a s ;" lit/min"
370 PRINT" GAS COMPOSITION 100X CO2"
380 PRINT" NUMBER OF SAMPLES TAKEN ";NUM ;" tines "
390 PRINT" SAMPLING INTERVAL ";SEC;" seconds"
400 PRINT" DATA FILENAME ";FILE$
410 PRINT" PLOTTING FILENAME REC4TEM"
420 IF P$<>"Y" THEN PRINT” " PRESS ANY KEY TO CONTINUE"
430 IF P$<>"Y" THEN X=INKKY(10000)
440 PRINT”
450 PRINT" CHARCOAL WEIGHT-LOSS RECORDING"
460 PRINT’
470 aX=A2030A :REM FORMATING
480 FOR J = 0 TO NUM-1 :REM LOOP TO READ IN DATA FROM CHYOl 
490 INPUT#YX,A (J )
500 NEXT
(Continued on next page)




550 IF P $ O nY n THEN PRINT” " PRESS ANY KEY TO CONTINUE"
560 IF P$<>"Y" THEN X=INKEY(10000)
570 PRINT’” " PERCENTAGE CONVERSION"
580 PRINT
590 FOR J= 10 TO NUM-1 :REM LOOP TO CALCULATE PERCENTAGE OF CONVERSION 




640 PRINT” "_ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _  "
650 VDU3 :REM_ TURNS~PRINTeF o FF
660 IF P$ 0" Y" THEN PRINT” " PRESS ANY KEY TO CONTINUE"
670 IF P$<>"Y" THEN X=INKEY(10000)
680 aX=10 
690 MODE4
700 MOVE 200,100:DRAW 1200,100: REM DRAW X AXIS
710 MOVE 200,900:DRAW 1200,900: REM DRAW XI AXIS
720 FOR 1=300 TO 1200 STEP 100
730 MOVE 1,117 :DRAW 1,103
740 MOVE 1,900 :DRAW 1,887
750 NEXT
760 PRINT TAB(21,29);50;TAB(36,29);100 ;TAB(16,30);"TIME, iin."
770 MOVE 200,100 :DRAW 200,900 :REM DRAW Y AXIS
780 MOVE 1200,100 :DRAW 1200,900 :REM DRAW Y1 AXIS
790 FOR 1=180 TO 900 STEP 80
800 MOVE 217,1 :DRAW 203,1
810 MOVE 1200,1 :DRAW 1185,1
820 NEXT
830 PRINT TAB(5,28);0 ¡PRINT TAB(3,3);10Q ¡PRINT TAB(4,16);50 
840 REM LABEL Y AXIS 




880 FOR 1= 10 TO NUM-1 :REM LOOP TO PLOT GRAPH 
890 Y(I)=(B(I)*8)+1QQ
900 X(I) = (H10lSEC/60) + 100
910 DRAW X(I),Y(I)
920 NEXT
930 FOR 1=1 TO 3 :REM PAPER FEED 
940 PRINTCHR$(10)
950 NEXT
















62.42 1.91 28.70 6.97
63.07 1.77 28.15 7.01




THE EXPERIMENTAL RESULT OBTAINED AT DIFFERENT TEMPERATURES
VARIABLE s TEMPERATURE 900, 950, 1000, 1050, 1100 Celsius
FURNACE TEMPERATURE 900 Celsius
CHARCOAL INITIAL WEI6HT 5.478 grains
CHARCOAL SIZE -25+19 HI
BASKET HEIGHT 7.403 grafts
C02 GAS FLOWRATE 7.5 lit/ein
GAS COMPOSITION 1007. C02
SAMPLING INTERVAL 60 seconds
DATA FILENAME : 2.13
CHARCOAL WEIGHT RECORDING
4.551 4.50B 4.449 4.3B7 4.324 4.259 4.192 4.127 4.056 3.985 3.911
3.837 3.761 3.687 3.614 3.542 3.469 3.398 3.326 3.254 3.179 3.104
3.025 2.947 2.868 2.789 2.709 2.634 2.558 2.481 2.409 2.334 2.255
2.181 2.106 2.034 1.957 1.885 1.810 1.739 1.666 1.594 1.517 1.445
1.374 1.301 1.231 1.161 1.092 1.027 0.963 0.899 0.838 0.779 0.718
0.662 0.607 0.553 0.502 0.455 0.410 0.369 0.331 0.297 0.268 0.242
0.217 0.195 0.172 0.153 0.136 0.123 0.108 0.097 0.092 0.089 0,087
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APPENDIX D.2
THE EXPERIMENTAI,. RESULT OBTAINED AT DIFFERENT TEMPERATURES
VARIABLE i TEMPERATURE 900, 950, 1000, 1050, 1100 Celsius
FURNACE TEMPERATURE 950 Celsius
CHARCOAL INITIAL WEIGHT 7.912 grass
CHARCOAL SIZE -25+19 ss
BASKET WEIGHT 7.387 grass
C02 GAS FLOWRATE 7.5 lit/ain
GAS COMPOSITION 100X C02
SAMPLING INTERVAL 60 seconds
DATA FILENAME ¡2.12
CHARCOAL WEIGHT RECORDING 
6.509 6.525 6.426 6.321 6.211 6.093 5.973 5.846 5.717 5.5B1 5.443
5.303 5.162 5.020 4.877 4.735 4.591 4.445 4.299 4.150 4.001 3.851
3.702 3.553 3.406 3.252 3.104 2.960 2.814 2.672 2.532 2.392 2.254
2.120 1.988 1.860 1.734 1.612 1.494 1.378 1.266 1.160 1.058 0.961
0.871 0.785 0.703 0.626 0.555 0.488 0.430 0.376 0.326 0.284 0.246
0.215 0.189 0.169 0.154 0.142 0.131 0.062 0.063 0.062 . 0.063 0.063
0.063 0.064 0.065 0.064 0.066 0.066 0.064 0.065 0.064 0.065 0.065
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APPENDIX D.3
THE EXPERIMENTAL RESULT OBTAINED AT DIFFERENT TEMPERATURES
VARIABLE i TEMPERATURE 900, 950, 1000, 1050, 1100 Celsius
FURNACE TEMPERATURE 1000 Celsius
CHARCOAL INITIAL WEIGHT 5.382 grams
CHARCOAL SIZE -25+19 s®
BASKET WEIGHT 7.353 grams
CQ2 GAS FLOWRATE 7.5 1i t/fflin
GAS COMPOSITION 100% C02
SAMPLING INTERVAL 60 seconds
DATA FILENAME ¡2.19
CHARCOAL WEIGHT RECORDING
4.631 4.570 4.450 4.326 4.200 4.071 3.938 3.803 3.664 3.518 3.371
3.225 3.074 2.919 2.773 2.625 2.472 2.324 2.177 2.034 1.884 1.729
1.589 1.455 1.323 1.197 1.073 0.957 0.B45 0.739 0.640 0.551 0.468
0.394 0.325 0.265 0.213 0.168 0.121 0.071 0.053 0.012 0.014 0.014
0.014 0.015 0.015 0.018 0.016 0.016 0.016 0.017 0.017 0.018





THE EXPERIHENTAl RESULT OBTAINED AT DIFFERENT TEMPERATURES
VARIABLE s TEMPERATURE 900, 950, 1000, 1050, 1100 Celsius
FURNACE TEMPERATURE 1050 Celsius
CHARCOAL INITIAL HEIGHT 5.B47 grass
CHARCOAL SIZE -25+19 Ml
BASKET HEIGHT 7.363 grams
CQ2 GAS FLOWRATE 7.5 lit/fflin
GAS COMPOSITION 1007. C02
SAMPLING INTERVAL 60 seconds
DATA FILENAME ¡2.17
CHARCOAL HEIGHT RECORDING
5.041 4.953 4.BOI 4.645 4.490 4.331 4.170 3.99B 3.823 3.635 3.441
3.240 3.035 2.B25 2.617 2.410 2.210 2.012 1.819 1.630 1.454 1.283
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APPENDIX D.5
THE EXPERIMENTAL RESULT OBTAINED AT DIFFERENT TEMPERATURES
VARIABLE ï TEMPERATURE : 900, 950, 1000, 1050, 1100 Celsius
FURNACE TEMPERATURE 1100 Celsius
CHARCOAL INITIAL WEIGHT 5.138 grais
CHARCOAL SIZE -25+19 Ml
BASKET WEIGHT 7.34B grams
C02 GAS FLOWRATE 7.5 1it/ffiin
GAS COMPOSITION 100X C02
SAMPLING INTERVAL 60 seconds
DATA FILENAME : 2. IB
CHARCOAL WEIGHT RECORDING
4.226 4.136 3.947 3.736 3.505 3.262 3.010 2.753 2.497 2.253 2.012
1.788 1.576 1.382 1.191 1.024 0.869 0.727 0.598 0.485 0.387 0.303
0.229 0.170 0.123 0.084 0.057 0.040 0.031 0.031 0.030 0.031 0.032
0.032 0.033 0.032 0.032 0.032 0.033 0.033 0.035
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APPENDIX E.1
SAMPLE CALCULATION OF ACTIVATION ENERGY FOR CHARCOAL
According to Arrhenius equation, relationship
between the rate 
presented as :
constant and activation energy, is
k = A exp(-E/RT)
By taking logarithm, the equation above becomes :
In k = -E/(RT)
-E/R = In k/(1/T)
By plotting In k vs 
of the line is :
1/T as shown in Fig.4.9, the slope
slope
-E




So, the activation energy for charcoal is 193.2 kJ/mol.
APPENDIX F .1
SAMPLE CALCULATION OF ACTIVATION ENERGY FOR COKE
Similar for charcoal in Appendix F.l, the 
activation energy ia calculated based on the Arrhenius 
equation.
The experiment results from coke gasification 
process are presented as a graph of conversion vs time 
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The experimental rate constants calculated from 











(Continued on next page)
Plotting the value of the rate constant vs 1/T 
presented :
where the slope is :
slope
-E
17,264 = -E/R 
17,264x1.987x2.303
79,001 cal/mol.
So, the activation energy for coke is 79_ kcal/raol.
(Continued)
APPENDIX G.1
THE EXPERIMENTAL RESULT OBTAINED AT DIFFERENT GAS COMPOSITION
GAS COMPOSITION 100% C02
CHARCOAL SIZE ' -25+19 mm
FURNACE TEMPERATURE 1000 Celsius
CHARCOAL INITIAL WEIGHT 3.647 grams
BASKET WEIGHT 8.061 grams
GAS FLOWRATE 7.5 1/min.
SAMPLING INTERVAL 60 seconds
DATA FILENAME -.2.33
CHARCOAL WEIGHT RECORDING
3.087 3.041 2.968 2.889 2.806
2.251 2.152 2.048 1.944 1.839
1.217 1.118 1.018 0.921 0.827
0.340 0.276 0.218 0.167 0.124
0.007 0.006 0.005 0.007 0.007
0.006
2.721 2.631 2.542 2.447 2.351
1.730 1.627 1.523 1.419 1.319
0.738 0.651 0.567 0.489 0.412
0.089 0.064 0.006 0.008 0.008
0.007 0.006 0.007 0.006 0.007
APPENDIX G.2


















3.223 3.179 3.113 3.042 2.967
2.467 2.378 2.282 2.188 2.092
1.513 1.420 1.328 1.236 1.147
0.619 0.538 0.461 0.390 0.321
0.016 0.017 0.016 0.015 0.016
0.016 0.016 0.016 0.016 0.015
0.016 0.015 0.016 0.016 0.016
2.889 2.809 2.727 2.644 2.558
1.998 1.896 1.798 1.702 1.605
1.059 0.967 0.878 0.790 0.704
0.262 0.208 0.162 0.083 0.017
0.016 0.017 0.016 0.017 0.016
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3.371 3.323 3.250 3.175 3.095
2.578 2.489 2.397 2.305 2.210
1.648 1.553 1.456 1.360 1.265
0.715 0.640 0.568 0.504 0.440
0.168 0.134 0.108 0.080 0.011
0.010 0.010 0.010 0.010 0.010
3.014 2.931 2.845 2.759 2.669
2.119 2.027 1.933 1.839 1.743
1.172 1.072 0.973 0.884 0.797
0.387 0.337 0.289 0.244 0.204
0.011 0.009 0.011 0.011 0.010
0 . 0 1 0
APPENDIX G.4


















3.773 3.730 3.674 3.617 3.559
3.206 3.147 3.088 3.030 2.972
2.630 2.575 2.518 2.463 2.407
2.087 2.036 1.986 1.935 1.887
1.597 1.554 1.508 1.465 1.421
1.175 1.137 1.100 1.063 1.026
0.832 0.803 0.774 0.748 0.722
0.574 0.553 0.531 0.511 0.493
0.388 0.372 0.358 0.343 0.328
0.262 0.252 0.245 0.237 0.230
0.178 0.177 0.177 0.177 0.176
0.178 0.177 0.178 0.177 0.178
3.500 3.443 3.383 3.324 3.264
2.914 2.858 2.799 2.743 2.688
2.353 2.296 2.241 2.189 2.136
1.839 1.790 1.742 1.692 1.643
1.377 1.337 1.294 1.255 1.214
0.993 0.959 0.925 0.893 0.861
0.695 0.669 0.645 0.619 0.599
0.473 0.453 0.436 0.418 0.402
0.316 0.303 0.291 0.282 0.271
0.178 0.176 0.176 0.178 0.178
0.177 0.176 0.178 0.178 0.177
0.177 0.179 0.179
APPENDIX G.5


















3.837 3.806 3.767 3.728 3.688
3.445 3.405 3.365 3.325 3.284
3.046 3.007 2.969 2.932 2.893
2.670 2.632 2.595 2.561 2.525
2.318 2.284 2.250 2.219 2.185
1.999 1.969 1.941 1.912 1.884
1.720 1.696 1.670 1.646 1.622
1.484 1.463 1.442 1.420 1.399
1.281 1.262 1.244 1.225 1.206
1.106 1.090 1.075 1.059 1.045
0.961 0.948 0.934 0.923 0.910
0.842 0.831 0.821 0.811 0.802
0.746 0.737 0.729 0.721 0.713
0.669 0.662 0.656 0.649 0.643
0.608 0.604 0.599 0.595 0.589
0.565 0.562 0.559 0.556 0.553
0.539 0.537 0.534 0.533 0.531
0.526 0.525 0.524 0.524 0.525
0.524 0.525 0.525 0.526 0.525
3.648 3.607 3.566 3.526 3.485
3.245 3.203 3.165 3.124 3.085
2.855 2.817 2.780 2.743 2.706
2.491 2.456 2.420 2.387 2.353
2.153 2.122 2.090 2.059 2.029
1.855 1.827 1.800 1.773 1.749
1.598 1.575 1.552 1.529 1.506
1.379 1.359 1.339 1.319 1.300
1.189 1.171 1.155 1.139 1.122
1.030 1.014 1.001 0.987 0.974
0.898 0.887 0.875 0.864 0.853
0.791 0.781 0.772 0.763 0.755
0.705 0.698 0.690 0.682 0.676
0.637 0.631 0.625 0.619 0.615
0.585 0.580 0.577 0.572 0.569
0.549 0.547 0,544 0.542 0.540
0.530 0.529 0.528 0.528 0.526
0.525 0.525 0.525 0.525 0.524
0.524 0.524 0.525 0.525
APPENDIX H.l
CHART RECORDINGS OF THE CENTRE TEMPERATURE MEASUREMENT
Gas flowrate = 2 I/min.
APPENDIX H.2
CHART RECORDINGS OF THE CENTRE TEMPERATURE MEASUREMENT
Gaa flowrate = 6 l/mln.
APPENDIX H.3
CHART RECORDINGS OF THE CENTRE TEMPERATURE MEASUREMENT
Gas flowrate = 10 I/min,
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THE EXPERIMENTAL RESULT OBTAINED AT DIFFERENT PARTICLE SIZE
VARIABLE : SIZE : -13+7, -19+13, -25+19, -31+25, -37+31 mm
CHARCOAL SIZE 
FURNACE TEMPERATURE 
CHARCOAL INITIAL WEIGHT 
BASKET WEIGHT 













0.840 0.811 0.775 0.737 0.700 0.664 0.628 0.592 0.554 0.519
0.480 0.439 0.400 0.360 0.321 0.281 0.246 0.209 0.174 0.140
$ 0.108 0.080 0.057 0.004 0.003 0.004 0.002 0.003 0.005 0.003
0.003 0.004 0.005 0.004 0.004 0.004 0.004
.1 iii‘1 0
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THE EXPERIMENTAL RESULT OBTAINED AT DIFFERENT PARTICLE SIZE
VARIABLE : SIZE : -13+7. -19+13. -25+19. -31+25, -37+31 mm
CHARCOAL SIZE -19+13 mm
FURNACE TEMPERATURE 1000 Celsius
CHARCOAL INITIAL WEIGHT 2.848 grams
BASKET WEIGHT 8.057 grams
C02 GAS FLOWRATE 7.5 1 it/min
GAS COMPOSITION 100% C02
SAMPLING INTERVAL 60 seconds
DATA FILENAME :2.27
CHARCOAL WEIGHT RECORDING
2.291 2.245 2.176 2.105 2.034
1.611 1.538 1.462 1.390 1.309
0.838 0.761 0.686 0.611 0.538
0.179 0.137 0.102 0.076 0.055
0.024 0.024 0.025 0.024 0.024
0.025
0.023
0.025 0.024 0.023 0.026
1.966 1.895 1.824 1.753 1.683
1.234 1.153 1.074 0.993 0.915
0.469 0.400 0.339 0.278 0.226
0.040 0.031 0.025 0.025 0.026
0.024 0.025 0.025 0.025 0.023
0.024 0.025 0.023 0.025 0.022
APPENDIX 1.3
* THE EXPERIMENTAL RESULT OBTAINED AT DIFFERENT PARTICLE SIZE
VARIABLE : SIZE : -13+7. -19+13. -25+19. -31+25. -37+31 mm
CHARCOAL SIZE -25+19 mm
FURNACE TEMPERATURE 1000 Celsius
CHARCOAL INITIAL WEIGHT 6.438 grams
BASKET WEIGHT 8.057 grams
C02 GAS FLOWRATE 7.5 1 it/min
GAS COMPOSITION 100% C02
SAMPLING INTERVAL 60 seconds
DATA FILENAME : 2.28
CHARCOAL WEIGHT RECORDING
5.312 5.236 5.125 5.012 4.896
4.191 4.069 3.945 3.820 3.690
2.898 2.766 2.632 2.498 2.364
1.610 1.494 1.378 1.268 1.160
0.591 0.514 0.442 0.376 0.318
0.094 0.078 0.066 0.039 0.040
0.038 0.040 0.039 0.040 0.038
4.781 4.664 4.548 4.430 4.312
3.561 3.430 3.297 3.164 3.033
2.230 2.100 1.975 1.851 1.730
1.056 0.955 0.858 0.764 0.675
0.265 0.217 0.179 0.144 0.117
0.039 0.039 0.038 0.040 0.039
0.039
APPENDIX 1.4
THE EXPERIMENTAL RESULT OBTAINED AT DIFFERENT PARTICLE SIZE
VARIABLE ; SIZE : -13+7, -19+13, -25+19, -31+25. -37+31 mm
CHARCOAL SIZE -31+25 mm
FURNACE TEMPERATURE 1000 Celsius
CHARCOAL INITIAL WEIGHT 12.278 grams
BASKET WEIGHT 7.792 grams
C02 GAS FLOWRATE 7.5 1 it/min
GAS COMPOSITION 100% C02
SAMPLING INTERVAL 60 seconds
DATA FILENAME : 2.29
CHARCOAL WEIGHT RECORDING
10.317 10.192 10.019 9.837 9.649
8.461 8.251 8.035 7.821 7.597
6.246 6.014 5.785 5.552 5.318
3.961 3.742 3.531 3.323 3.125
2.038 1.877 1.727 1.577 1.434
0.745 0.659 0.579 0.504 0.438
0.179 0.155 0.136 0.123 0.114
0.106 0.107 0.106 0.107 0.107
0.106 0.106 0.105 0.106 0.104
9.461 9.267 9.073 8.871 8.669
7.377 7.154 6.932 6.704 6.478
5.085 4.858 4.630 4.405 4.181
2.928 2.740 2.553 2.374 2.202
1.299 1.173 1.055 0.943 0.839
0.381 0.329 0.282 0.240 0.207
0.109 0.106 0.107 0.104 0.105
0.106 0.107 0.105 0.106 0.106
0.105
APPENDIX 1.5
THE EXPERIMENTAL RESULT OBTAINED AT DIFFERENT PARTICLE SIZE
VARIABLE : SIZE : -13+7. -19+13. -25+19. -31+25. -37+31 mm
CHARCOAL SIZE -37+31 mm
FURNACE TEMPERATURE 1000 Celsius
CHARCOAL INITIAL WEIGHT 20.830 grams
BASKET WEIGHT 7.880 grams
C02 GAS FLOWRATE 7.5 lit/min
GAS COMPOSITION 100% C02
SAMPLING INTERVAL 60 seconds
DATA FILENAME :2.0
CHARCOAL WEIGHT RECORDING
17.459 17.261 16.966 16.713 16.457
14.756 14.468 14.180 13.891 13.603
11.874 11.585 11.297 10.978 10.669
8.927 8.678 8.429 8.181 7.932
6.439 6.190 5.941 5.692 5.444
4.112 3.905 3.708 3.514 3.326
2.293 2.140 1.989 1.845 1.710
0.987 0.884 0.788 0.700 0.613
0.269 0.234 0.201 0.176 0.159
16.267 15.934 15.659 15.456 15.087
13.315 13.026 12.738 12.450 12.162
10.360 10.064 9.767 9.485 9.210
7.683 7.434 7.185 6.936 6.688
5.195 4.946 4.751 4.523 4.309
3.140 2.962 2.787 2.616 2.452
1.577 1.455 1.337 1.224 1.119
0.540 0.477 0.417 0.365 0.309
0.145 0.139 0.137 0.136
APPENDIX J.1.1


















3.723 3.664 3.582 3.499 3.411
2.865 2.770 2.675 2.580 2.486
1.929 1.839 1.751 1.663 1.578
1.093 1.018 0.945 0.876 0.806
0.446 0.397 0.351 0.307 0.268
0.098 0.082 0.069 0.058 0.054
0.038 0.039 0.039 0.038 0.039
0.037 0.037 0.038
3.323 3.234 3.141 3.052 2.957
2.392 2.299 2.204 2.111 2.019
1.493 1.410 1.328 1.249 1.170
0.738 0.674 0.613 0.555 0.500
0.230 0.197 0.168 0.142 0.119
0.038 0.038 0.039 0.039 0.039
0.038 0.037 0.038 0.038 0.037
APPENDIX J.1.2


















3.727 3.679 3.605 3.528 3.450
2.936 2.849 2.759 2.668 2.577
2.043 1.957 1.871 1.787 1.706
1.242 1.172 1.101 1.031 0.965
0.603 0.551 0.499 0.451 0.402
0.187 0.160 0.135 0.115 0.098
0.033 0.032 0.032 0.034 0.032
0.032 0.033 0.032 0.031 0.032
0.032 0.030 0.031 0.031 0.031
3.368 3.284 3.199 3.111 3.025
2.487 2.398 2.309 2.219 2.130
1.624 1.545 1.468 1.391 1.317
0.900 0.835 0.775 0.716 0.659
0.360 0.319 0.281 0.248 0.216
0.083 0.072 0.033 0.033 0.033
0.031 0.033 0.031 0.032 0.032




























3.710 3.664 3.597 3.528 3.458
3.022 2.949 2.872 2.799 2.724
2.286 2.218 2.148 2.081 2.013
1.634 1.576 1.517 1.460 1.404
1.094 1.047 1.001 0.957 0.912
0.684 0.650 0.619 0.588 0.558
0.411 0.391 0.371 0.354 0.337
0.268 0.262 0.257 0.253 0.251
0.249
3.386 3.314 3.242 3.169 3.097
2.651 2.576 2.502 2.429 2.358
1.947 1.883 1.819 1.756 1.695
1.349 1.296 1.244 1.193 1.143
0.872 0.830 0.793 0.754 0.719
0.531 0.504 0.478 0.455 0.431
0.323 0.309 0.296 0.286 0.276
0.249 0.249 0.249 0.250 0.250
I .1 .  l i t  .¡. it'l'il I .  81 n
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3.500 3.458 3.388 3.319 3.248
2.817' 2.749 2.679 2.612 2.545
2.147 2.085 2.023 1.961 1.901
1.556 1.501 1.447 1.393 1.342
1.059 1.015 0.973 0.932 0.890
0.671 0.639 0.607 0.579 0.549
0.399 0.378 0.358 0.340 0.322
0.249 0.242 0.236 0.232 0.233
0.231 0.232 0.232 0.232 0.231
0.231
3.175 3.102 3.030 2.959 2.888
2.476 2.409 2.343 2.276 2.212
1.843 1.784 1.725 1.667 1.612
1.294 1.244 1.196 1.148 1.102
0.851 0.812 0.775 0.740 0.704
0.521 0.495 0.469 0.445 0.421
0.306 0.292 0.279 0.268 0.257
0.232 0.231 0.231 0.231 0.232
0.231 0.232 0.231 0.230 0.231
APPENDIX J.1.5
THE EXPERIMENTAL RESULT OBTAINED AT DIFFERENT GAS VELOCITY
GAS VELOCITY 4.33 cm/sec.
CHARCOAL SIZE -25+19 mm
FURNACE TEMPERATURE 1000 Celsius
CHARCOAL INITIAL WEIGHT 4.084 grams
BASKET WEIGHT 8.103 grams
GAS COMPOSITION 60% C02 + 40% N2
SAMPLING INTERVAL 60 seconds
DATA FILENAME : 2.44
CHARCOAL WEIGHT RECORDING
3.429 3.381 3.312 3.234 3.158 3.076 2.994 2.908 2.820 2.731
2.641 2.552 2.460 2.368 2.275 2.182 2.088 1.995 1.900 1.809
1.717 1.626 1.540 1.451 1.365 1.278 1.194 1.110 1.029 0.949
0.840 0.760 0.696 0.633 0.572 0.514 0.460 0.409 0.358 0.312
0.269 0.230 0.193 0.161 0.132 0.106 0.084 0.068 0.055 0.045
0.022 0.022 0.022 0.022 0.022 0.022 0.021 0.021 0.022 0.022
0.022 0.022 0.021 0.022 0.022 0.021 0.020 0.021
¡i.ii!'H
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APPENDIX J.2.1
THE EXPERIMENTAL RESULT OBTAINED AT DIFFERENT GAS VELOCITY
GAS VELOCITY 0.87 cm/sec.
CHARCOAL SIZE -21+15 mm
FURNACE TEMPERATURE 1000 Celsius
CHARCOAL INITIAL WEIGHT 2.341 grams
BASKET WEIGHT 11.994 grams
GAS COMPOSITION 60X C02 + m  N2
SAMPLING INTERVAL 60 seconds
DATA FILENAME : 2.84
CHARCOAL WEIGHT RECORDING
1.655 1.594 1.517 1.438 1.362 1.284 1.209 1.137 1.066
0.925 0.857 0.787 0.719 0.656 0.592 0.536 0.479 0.428
0.334 0.289 0.249 0.210 0.175 0.146 0.118 0.097 0.081
0.058 0.055 0.054 0.051 0.052 0.052 0.050 0.054 0.052
0.049 0.052 0.052 0.052 0.051 0.050 0.052 0.052 0.052


























1.916 1.872 1.809 1.748 1.683
1.289 1.221 1.150 1.086 1.017
0.649 0.594 0.542 0.491 0.444
0.221 0.196 0.171 0.151 0.130
0.083 0.084 0.082 0.083 0.083
0.084 0.083 0.083 0.084 0.083
0.082 0.082 0.083 0.083 0.083
0.084 0.083 0.082 0.083 0.082
0.083 0.082 0.081 0.083
1.619 1.553 1.488 1.423 1.358
0.955 0.890 0.827 0.767 0.709
0.401 0.358 0.318 0.284 0.253
0.114 0.101 0.090 . 0.084 0.082
0.084 0.084 0.084 0.084 0.083
0.083 0.081 0.082 0.083 0.082
0.084 0.084 0.082 0.082 0.082
0.084 0.083 0.083 0.084 0.084
.!• Il'l'i) 1. ill
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1.942 1.897 1.835 1.768 1.697
1.259 1.182 1.104 1.025 0.948
0.551 0.492 0.439 0.383 0.331
0.122 0.101 0.083 0.070 0.063
0.060 0.059 0.058 0.059 0.058
0.057 0.058 0.058 0.059 0.058
0.056 0.058 0.058 0.058 0.057
0.059 0.058 0.057 0.059 0.059
0.058 0.059 0.057 0.060 0.060
1.626 1.554 1.481 1.409 1.334
0.875 0.805 0.736 0.670 0.611
0.285 0.244 0.207 0,176 0.148
0.057 0.057 0.058 0.057 0.058
0.058 0.055 0.057 0.057 0.059
0.058 0.057 0.057 0.056 0.057
0.057 0.058 0.056 0.057 0.058
0.057 0.061 0.056 0.057 0.057
0.060
APPENDIX J.3.1


















1.111 1.068 1.006 0.946 0.886
0.556 0.505 0.456 0.409 0.362
0.136 0.110 0.086 0.067 0.052
0.031 0.031 0.032 0.032 0.032
0.032 0.031 0.030 0.030 0.031
0.829 0.771 0.715 0.662 0.609
0.318 0.278 0.238 0.201 0.168
0.041 0.032 0.031 0.031 0.032
0.032 0.032 0.032 0.030 0.032
0.032
APPENDIX J.3.2


















1.484 1.440 1.382 1.323 1.264
0.925 0.870 0.817 0.764 0.711
0.419 0.375 0.333 0.294 0.254
0.085 0.066 0.012 0.011 0.011
0.011 0.011 0.012 0.010 0.010
1.205 1.147 1.092 1.036 0.980
0.660 0.609 0.559 0.512 0.465
0.219 0.185 0.156 0.129 0.105



























1.499 1.464 1.410 1.354 1.297 1.241 1.187 1.132 1.077 1.023
0.967 0.913 0.857 0.803 0.749 0.697 0.645 0.591 0.542 0.494
0.448 0.404 0.360 0.321 0.283 0.248 0.214 0.183 0.155 0.131










THE EXPERIMENTAL RESULT OBTAINED AT DIFFERENT GAS VELOCITY
GAS VELOCITY 3.46 cm/sec.
CHARCOAL SIZE -19+13 mm
FURNACE TEMPERATURE 1000 Celsius
CHARCOAL INITIAL WEIGHT 1.785 grams
BASKET WEIGHT 8.115 grams
GAS COMPOSITION 60% C02 + 40% N2
SAMPLING INTERVAL 60 seconds
DATA FILENAME : 2.52
CHARCOAL WEIGHT RECORDING
1.418 1.386 1.332 1.275 1.217
0.874 0.818 0.761 0.708 0.652
0.366 0.326 0.287 0.252 0.218
0.074 0.061 0.051 0.045 0.040
0.040 0.040 0.041 0.039 0.040
1.161 1.103 1.047 0.989 0.932
0.601 0.549 0.500 0.453 0.410
0.188 0.160 0.134 0.111 0.092
0.040 0.040 0.039 0.041 0.040
0.040 0.040 0.040 0.040
APPENDIX J.3.5


















1.352 1.317 1.260 1.201 1.141
0.802 0.745 0.692 0.639 0.584
0.301 0.261 0.226 0.193 0.161
0.045 0.038 0.037 0.036 0.037
0.036 0.037 0.036 0.036 0.036
1.083 1.026 0.968 0.913 0.856
0.533 0.483 0.433 0.387 0.343










THE EFFECT OF PURE C02 GAS VELOCITY ON TIME FOR COMPLETE 
CONVERSION OF CHARCOAL PARTICLES






THE EFFECT OF GAS VELOCITY ON TIME FOR COMPLETE 
CONVERSION OF COKE PARTICLES
0.87 1.73 2.60 3.46 4.33
Gas Velocity, (cm/sec.)
APPENDIX M.1
THE RESULTS OF EFFECT OF CHANGE OF RELATIVE PARTICLE SIZE






0 1 ' 1
8 0.93 1.144






Note : In all cases, original weight is 0.972 gram.
APPENDIX N.l











Vertical 595.65 826.07 203.52 191.89









LOGARITHMIC PLOTS OF TIME vs (1-(1-Xb )1> 3) FOR CHARCOAL
PARTICLES OF DIFFERENT TEMPERATURES









LOGARITHMIC PLOTS OF TIME vs (1-(1-Xb )1' 3) FOR CHARCOAL
















0. 14 0.27 1.00











PLOTS OF TIME vs (1-(1-XB) 1 ' 3) FOR CHARCOAL
TICLES OF DIFFERENT GAS COMPOSITION
b. 40%C0 2






0.14 0.27 1 . 0 0
X b , (%)
APPENDIX P.l
PARTICLE SIZES
PLOT OF RATE OF REACTION VS CONVERSION FOR DIFFERENT
CHARCOAL SIZE 
FURNACE TEMPERATURE 
CHARCOAL INI TI AL_ WE IGHT 
BASKET WEIGHT 
FURNACE TEMPERATURE 
C02 GAS FLOW RATE 
NUMBER OF SAMPLES TAKEN 
SAM PL I IMG INTERVAL 
DATA FILENAME 
FILENAME FOR PLOTTING
s — 13+7 mm.
: 1 0 0 0  Celsius
3 1 „ 0 9 3  grams
: 8-056 grams
s 1000 Celsius 
: 7.5 1 i t / m i n
s 47 times 
: 6 0  seconds
s :2.26 
s RATSIZE
. 4 •|- - - - 1- - - - 1- - - - 1- - - - r--- r i r
C
0.2.





PLOT OF RATE OF REACTION VS CONVERSION FOR DIFFERENT
CHARCOAL SIZE 
FURNACE TEMPERATURE 
CHARCOAL INITIAL WEIGHT 
BASKET WEIGHT 
FURNACE TEMPERATURE 
CO2 GAS FLOW RATE 







EL 057 grams 
1000 Celsius 
7.5 1 i t / rn i n 
71 times 
60 seconds
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APPENDIX P.3
PARTICLE SIZES
PLOT OF RATE OF REACTION VS CONVERSION FOR DIFFERENT
CHARCOAL SIZE 
FURNACE TEMPERATURE 
CHARCOAL INITIAL WEIGHT 
BASKET WEIGHT 
FURNACE TEMPERATURE 
C02 GAS FLOW RATE 




—2 5 + 1 9  mm. 
100 0  C e l s i u s  
6 . 4 3 8  g r a m s  
8 . 0 5 7  g r a m s  
1000  C e l s i u s  
7 . 5  1 i  t. / m i  n 
76  t i m e s  
60  s e c o n d s  
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APPENDIX P.4
PARTICLE SIZES
PLOT OF RATE OF REACTION VS CONVERSION FOR DIFFERENT
CHARCOAL SIZE 
FURNACE TEMPERATURE 
CHARCOAL INITIAL WEIGHT 
BASKET WEIGHT 
FURNACE TEMPERATURE 
CO2 GAS FLOW RATE 




- 3 1 + 2 5  mm. 
1 0 0 0  C e l s i u s  
1 2 . 2 7 8  g r a m s  
7 . 7 9 2  g r a m s  
1 0 0 0  C e l s i u s  
7 . 5  l i t / m i n  
9 6  t i m e s  
6 0  s e c o n d s  




















PLOT OF RATE OF REACTION VS CONVERSION FOR DIFFERENT
CHARCOAL SIZE 
FURNACE TEMPERATURE 
CHARCOAL INITIAL WEIGHT- 
BASKET WEIGHT 
FURNACE TEMPERATURE 
C02 GAS FLOW RATE 
NUMBER OF SAMPLES TAKEN 
SAMPLING INTER VAL­
DAI A FILENAME 
FILENAME FOR PLOTTING





7.5 lit/m i n 
99 times 
60 seconds 










PLOT OF RATE OF REACTION VS CONVERSION FOR DIFFERENT
FURNACE TEMPERATURE 
CHARCOAL SIZE 
CHARCOAL INITIAL WEIGHT 
BASKET WEIGHT 
CO2 GAS FLOWRATE 























PLOT OF RATE OF REACTION VS CONVERSION FOR DIFFERENT
FURNACE TEMPERATURE 
CHARCOAL SIZE 
CHARCOAL INITIAL WEIGHT 
BASKET WEIGHT 
CO2 GAS FLOWRATE 







s 7.387 grams 
2 '7.5 1 i t / m i n . 
s 96 times 
2 60 seconds
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APPENDIX Q .3
TEMPERATURES
PLOT OF RATE OF REACTION VS CONVERSION FOR DIFFERENT
FURNACE TEMPERATURE - 1000 Celsius
CHARCOAL SIZE ! —25-1-19 mm.
CHARCOAL INITIAL WEIGHT - 5.382 grams
BASKET WEIGHT s 7.353 grams
CO2 GAS FLOWRATE s 7 .5 1 i  t / m i  n .
NUMBER OF SAMPLES TAKEN s 64 times
SAMPLI IMG INTERVAL s 60 seconds
DATA FILE :- 2. 1 9
P L O T T I I M G  F I L E  s R A T T E M P
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APPENDIX Q .4
TEMPERATURES
PLOT OF RATE OF REACTION VS CONVERSION FOR DIFFERENT
FURNACE TEMPERATURE 
CHARCOAL SIZE 
CHARCOAL INITIAL WEIGHT 
BASKET WEIGHT 
C02 GAS FLOWRATE 




s 1 0 5 0  C e l s i u s  
s - 2 5 + 1 9  mm.
: 5 . 8 4 7  g r a m s  
: 7 . 3 6 3  g r a m s  
: 7 5  1 i t / m i n .
57 t i m e s  
s 60  s e c o n d s  
ss 2. 17 







PLOT OF RATE OF REACTION VS CONVERSION FOR DIFFERENT
FURNACE TEMPERATURE 
CHARCOAL SIZE 
CHARCOAL INITIAL. WEIGHT 
BASKET WEIGHT 
CO2 GAS FLOWRATE 




s 1:100 Celsius 
2 “25+19 mm.
5 5. 138 grains
: 7.348 grams
s 7 . 5 1 i t / rn i n . 
s 51 times 
s 60 seconds 
s s 2. 18 
2 RATTEMP
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